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The striped pattern of fushi tarazu (ftz) expression found in the blastoderm of the Drosophila melanogaster
embryo is generated largely through complex interactions between multiple transcription factors that bind to
the zebra element of theftz gene. A motif in the zebra element, the FTZ-F1 recognition element (FlRE), has
been shown to bind a transcription factor, FTZ-Fla, that is a member of the nuclear receptor family. We
recently identified a second, related member of this family, FTZ-Flj, that also binds to this motif. To
investigate the possibility that FTZ-Floa and FTZ-F1I coregulateftz transcription through the FlRE, we have
studied the DNA binding properties of FTZ-Flot and FTZ-F1l. We demonstrate that recombinant FTZ-Flot
and FTZ-F1I proteins produce similar in vitro DNase I footprint patterns on a 14-nucleotide region of the
zebra element and bind to this site with similar affinities and sequence specificities. Using wild-type and
N-terminally truncated receptors, we have determined that FTZ-Flot and FTZ-F1l both bind as monomers to
the 9-bp FlRE in the zebra element, as well as to an imperfect inverted FiRE repeat present in the Drosophila
alcohol dehydrogenase gene. A polyclonal antibody raised against FTZ-Fi1 identifies a predominant FIRE-
binding component in embryonic nuclear extracts. Although FTZ-Flot is also present in these extracts,
FTZ-Flc and FTZ-Fij do not appear to form heterodimers with each other. Cotransfection assays in
mammalian cell culture indicate that both receptors contribute to the net transcriptional activity of a reporter
gene through their direct interaction with the FIRE. These data suggest that FTZ-Flot and FTZ-F1I likely
coregulate common target genes by competition for binding to a 9-bp recognition element.

During early development of the Drosophila embryo, gener-
ation of the segmented body pattern is controlled by a cascade
of genetic and molecular events involving both maternal and
zygotic factors (1, 34, 41). The zygotic segmentation gene, ftz,
is expressed in the early blastoderm in a distinct seven-stripe
pattern which is the result of precise, temporally and spatially
restricted transcription (12). The minimal promoter and up-
stream sequences required for this ftz expression pattern in the
mesodermal primordia have been mapped to the 0.7-kb zebra
element (at positions -669 to +73 of the ftz gene) (17, 18).
Through biochemical analyses, a number of nuclear proteins
which interact with cis-acting DNA motifs within this region
have been identified (14, 45). Included among these trans-
acting nuclear factors are tramtrack (ttk)/FTZ-F2 (5, 15),
caudal (6), FTZ-F1 (herein referred to as FTZ-Flot) (28), and
FTZ-F1,B (35).
FTZ-Flot and FTZ-F1I belong to the superfamily of nuclear

receptors that bind to signalling molecules which include
steroid hormones, thyroid hormone, vitamin D, and retinoids
and in turn alter the transcription of specific target genes
(references 2, 26, and 42 and references therein). As is
characteristic of other members of this family, each has a
highly conserved DNA binding domain comprising two zinc
finger motifs. Whether FTZ-Fla and FTZ-F1l bind specific
ligands is presently unknown, although both show some con-
servation in their C-terminal regions with other ligand-binding
members of this family (35).

* Corresponding author. Mailing address: Cancer Research Labo-
ratories, Botterell Hall, Queen's University, Kingston, Ontario, Can-
ada K7L 3N6. Phone: (613) 545-6791. Fax: (613) 545-6830.

FTZ-Fla and FTZ-F13 are expressed both maternally and
zygotically during early embryonic development. Two FTZ-
Flot isoforms that differ in their N-terminal regions have been
identified, suggesting that splicing variants of this receptor may
be specifically regulated in a manner similar to that seen for
the retinoic acid (reference 37 and references therein), thyroid
hormone (20), and progesterone (46) receptors. These FTZ-
Fla isoforms are differentially expressed in early (2- to 4-h)
and late (14- to 22-h) embryos (27). The expression of FTZ-
Fla transcripts throughout the early blastoderm disappears in
4-h embryos but reappears in older embryos in a more spatially
restricted manner, with high levels of expression in the prov-
entriculus and anal plate (35). In contrast, FTZ-F1p appears to
be expressed continuously throughout embryonic develop-
ment, although its expression at later stages appears to be
limited to the central nervous system (35).

Mutations in the loci for either FTZ-Flot or FTZ-F13 have
not yet been characterized; however, several studies suggest
that these nuclear receptors may play an important role in the
regulation of ftz gene expression. FTZ-Flcx was identified in
Drosophila nuclear extracts by its sequence-specific interaction
with an FTZ-F1 recognition element (FiRE), found between
positions -299 and -267 in the zebra element of the ftz
promoter (28). Overlapping positive and negative regulatory
elements have been mapped to this region of the zebra
element by studies using promoter deletion constructs in
transformant flies (7, 45). Constructs harboring mutations in
the FlRE showed that this site was important for the efficient
generation of stripes 1, 2, 3, and 6 (49). The Drosophila
FTZ-F1p gene was cloned in our laboratory by its sequence
homology with FTZ-F1lo. At the amino acid level, the zinc
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finger DNA binding domain of FIZ-F1 most closely resem-
bled that of FTZ-Fla, and in our previous studies we found
that both receptors could bind efficiently to FlRE (35). In
addition, Ad4BP (19) and ELP/SF-1 (24, 47), the mammalian
homologs of FTZ-Flcx, exhibit a high degree of specificity for
elements in mammalian genes that conform to the FiRE
consensus, indicating that both the DNA binding domains and
the cognate element evolved in a concerted manner. These
findings are consistent with the possibility that both FTZ-Fla
and FTZ-F1P are potential regulators of the ftz gene, a
hypothesis also supported by the observation that spatial
domains of FTZ-Flo and FTZ-F13 mRNA transcripts overlap
with those of ftz in early embryos (35).

In the present study, we examined the possibility that
FTZ-Flot and FTZ-F13 might interact. First, we wanted to
further define and compare the DNA binding specificities of
FTZ-Flac and FTZ-F13, and second, we wanted to examine
whether these receptors formed homo- or heterodimers. Fi-
nally, we compared the transcription-activating functions of
these receptors alone or in combination to determine whether
FTZ-Flao and FTZ-F1lB could act synergistically or antagonis-
tically on the ftz FIRE. We show that FTZ-Flat and FTZ-F13
bind as monomers either to oligonucleotides corresponding to
the FlRE or to a similar site present as an inverted repeat in
the Drosophila alcohol dehydrogenase (Adh) gene which was
demonstrated previously to bind FTZ-Flot and FTZ-F1,B (3).
We also show that antagonism between these two receptors
contributes to the net FlRE-dependent transcription of a
reporter gene in cotransfection assays. Our results suggest that
common target genes in Drosophila melanogaster may be
coregulated at the transcriptional level by a mechanism of
competition between FTZ-Flot and FTZ-F13 monomers for
binding to a common element.

MATERIALS AND METHODS

Plasmid constructs. A full-length cDNA encoding FTZ-Flo
(28) (FTZ-F1 early isoform) was subcloned into the mamma-
lian expression vector pTL2 (a derivative of pSG5 [11] that
contains an expanded BglII-KpnI-SacI-PstI-SmaI-NotI-XhoI-
HindIII-BamHI-EcoRI polylinker sequence and was con-
structed by T. Lufkin). The mammalian expression vector for
FTZ-F13 was constructed by subcloning the SacI-ApaI cDNA
fragment of clone H2a described previously (35), encoding the
808-amino-acid open reading frame, into pBluescriptSK
(Stratagene), and subsequently the SacI-KpnI fragment from
this intermediate vector was cloned into pTL1 (a vector
identical to pTL2 described above except that the polylinker
sequence is inverted) to generate TLFTZ-F1lB. The reporter
vectors FlRE-SV40-Luc and 2FIRE-SV40-Luc contain one
and two copies, respectively, of the 33-bp FlRE-binding site
upstream of the simian virus 40 (SV40) early promoter driving
the firefly luciferase reporter gene. The reporter constructs
were created by blunt-end ligation of the synthetic FIRE site
into the SmaI site of pGL2-promoter (Promega).
Truncated FTZ-Flot constructs, FF1a1 and FFl103, contain

EcoRI cDNA fragments encoding amino acids 192 to 1043 and
575 to 1043, respectively, subcloned into pGem7Zf+ (Pro-
mega). The FFlao2 construct encoding amino acids 328 to 1043
was generated by ligation of a BglII-SacI linker (5'-GATCTC-
CACCATGAGCT-3') containing a mammalian consensus
translation initiation sequence (23) into BglII-SacI-digested
TLFTZ-Flot. The FFl,1l and FF112 truncation constructs
encoding amino acids 144 to 808 and 328 to 808 of FTZ-F113,
respectively, contain FTZ-Fl, cDNA EcoRI fragments sub-
cloned into pBluescriptSK.

For DNase I protection assays, a 0.9-kb PstI fragment was
isolated from ftz subclone BS2.5 (a gift from A. Laughon) and
cloned into the PstI site of pBluescriptSK. A 0.3-kb BsiHKA
fragment corresponding to positions -297 to +28 relative to
the ftz transcriptional start site was isolated from this interme-
diate plasmid and inserted into the HincII site of pBlue-
scriptSK (with the BsiHKA site made blunt ended with Klenow
fragment) to generate the plasmid ftzSK-8.

Bacterial expression of FIZ-Fla and FTZ-F1o and produc-
tion of VTZ-F1lB antiserum. Expression of malE-FTZ-Flot
and malE-FTZ-F13 fusion proteins in Escherichia coli was
performed as previously described (35). Expression of FTZ622
(corresponding to an FTZ-Flao minimal DNA binding domain,
amino acids 507 to 622) in E. coli by the T7 phage expression
system was as described elsewhere (50).
For the production of the rabbit polyclonal anti-FTZ-Fl,B

antibody, malE-FTZ-F13 fusion protein was purified by affin-
ity chromatography on an amylose resin according to the
manufacturer's directions (New England Biolabs). The fusion
protein was concentrated by microconcentration (Microcon
30; Amicon, Inc.) and resuspended in phosphate-buffered
saline (PBS). Purified protein (150 ,ug) was injected with
Freund's adjuvant (GIBCO) into two New Zealand White
rabbits. Additional boosters (50 ,ug) were given at 3-week
intervals. Preimmune and immune sera were tested in gel
mobility shift assays.

In vitro transcription and translation. Each plasmid con-
taining receptor cDNA was linearized with the appropriate
restriction enzyme and used as a template for in vitro tran-
scription of capped RNA transcripts with T7 or Sp6 RNA
polymerase according to the manufacturer's specifications
(Promega or Ambion). In vitro translation was performed
in rabbit reticulocyte lysate (Promega) as instructed by the
manufacturer in the presence of [35S] methionine (ICN) or
unlabeled methionine, and the labeled translation products
were analyzed by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and fluorography.

Gel mobility shift assays. DNA binding by bacterially ex-
pressed FTZ-Fla- and FTZ-Fl1 fusion protein or the FTZ622
peptide was assessed by gel mobility shift assays as described
elsewhere (35, 50). For in vitro-translated proteins, DNA
binding assays were carried out in 16-,ul reaction volumes in
1 x binding buffer (10 mM HEPES [N-2-hydroxyethylpipera-
zine-N'-2-ethanesulfonic acid], pH 7.4; 50 mM KCl; 1 mM
dithiothreitol, 5% glycerol) containing 2 ,ug of poly(dI-dC), 1
,ug of sheared salmon sperm DNA, 2 ,ul of unlabeled in
vitro-translated protein in rabbit reticulocyte lysate, and 60
fmol of double-stranded end-labeled FiRE or Adh oligonu-
cleotide probes (1.5 x 104 cpm). Binding reaction mixtures
were incubated for 10 min at room temperature prior to
addition of the labeled binding site and a further incubation for
30 min at room temperature. Protein-DNA complexes were
resolved on a 4.5% polyacrylamide gel in 0.5 x Tris-borate-
EDTA (TBE) buffer, pH 7.4, at 4°C. Gels were fixed, dried,
and subjected to autoradiography. Nuclear extracts from 0- to
12-h Drosophila embryos (Promega) (5 jig of protein) and/or 1
,ul of a 1:4 dilution of crude preimmune serum or anti-FTZ-
F13 serum was added to some samples. Saturation binding
analysis was performed in quadruplicate with a constant
amount of FTZ-Fla and FTZ-F13 fusion protein and various
concentrations of DNA (145 to 0.75 nM). Quantitation of free
and bound DNA was performed with a Molecular Dynamics
Computing Densitometer by volume integration with Image
Quant V3.3 software (Molecular Dynamics). Dissociation con-
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stant (Kd) values for FTZ-FlxL and FTZ-F13 were calculated
by Scatchard analysis (40).
DNase I protection assays. A 324-bp EcoRI-XhoI fragment

from plasmid ftzSK-8 was labeled at the EcoRI site with
Klenow fragment and [at-32P]dATP. Binding reactions were
carried out on ice for 15 min in a 20-pI volume in 1 x footprint
buffer (25 mM HEPES, pH 7.6; 5 mM MgCl2; 34 mM KCl)
containing 1 ,ug of poly(dI-dC), 10 p.g of bovine serum albumin
(BSA), S ng of end-labeled DNA, and 1 RlI of a 1:10, 1:5, or 1:1
dilution of bacterial fusion protein. DNase I (Sigma) was
freshly diluted at 0.055 ,ug/,l in DNase I dilution buffer (11
mM HEPES, pH 7.6; 27.5 mM CaCl2; 0.11 ,ug of BSA per pul),
and 1 pL of diluted DNase I was added to each sample. After
a 3-min incubation on ice, reactions were terminated by the
addition of 200 [LA of stop buffer (100 mM Tris, pH 7.5; 10 mM
EDTA; 100 mM NaCl; 0.1% SDS), 10 jig of yeast tRNA, and
100 jig of self-digested proteinase K (Boehringer Mannheim).
After incubation at 37°C for 30 min, samples were extracted
with phenol-CHCl3-isoamyl alcohol (24:24:1) followed by
CHC13 alone. DNA was recovered by ethanol precipitation,
resuspended in loading dye (80% deionized formamide, 1 x
TBE, 0.1% bromophenol blue), and resolved by electrophore-
sis on a 6% polyacrylamide gel containing 8 M urea. Sequenc-
ing reactions were performed as described by Maxam and
Gilbert (32).

Cell culture and transient transfections. The human hepa-
toma cell line Hep3B (22) was maintained in Minimal Essen-
tial Medium (MEM) (GIBCO) with 10% fetal calf serum
(GIBCO). Cells were plated at 50% confluency in 12-well
plates (Corning) and transiently transfected with 1.6 jg of total
DNA by the calcium phosphate precipitation method (39).
Each well received 0.4 jig of 2FlRE-SV40-Luc, FIRE-SV40-
Luc, or pGL2-promoter or pGL2-basic (Promega) reporter
plasmid; 1.0 jig of combined pTL1, TLFTZ-Flox, and TLFTZ-
F13 expression vectors; and 0.2 jig of pCH110 (Pharmacia), a
03-galactosidase expression vector which was included to con-
trol for differences in transfection and harvesting efficiencies
(38). Cells were incubated with DNA precipitate for 16 h,
washed with PBS, and incubated for 24 h in fresh MEM prior
to harvesting. Cells were rinsed twice with PBS, and cytoplas-
mic extracts were prepared by addition of 60 pA of lysis buffer
{1% [vol/vol] Triton X-100; 25 mM glycylglycine, pH 7.8; 15
mM MgSO4; 4 mM EGTA [ethylene glycol-bis(3-aminoethyl
ether)-N,N,N',N'-tetraacetic acid]; 1 mM dithiothreitol} to
each well. Cell extracts were spun in a Microfuge for 5 min to
remove cell debris. Luciferase activity was assayed as described
previously (8) and normalized to (-galactosidase activity (39).

RESULTS

FTZ-F1l3 DNA binding activity in embryonic nuclear ex-
tracts. We first wanted to demonstrate that FTZ-F1( binding
activity existed in embryonic cell nuclear extracts. This would
(i) confirm that FTZ-F13 protein was expressed in the embryo
and (ii) allow comparison of the relative electrophoretic
mobilities of protein-DNA complexes formed between FTZ-
Fl derived from embryonic nuclei or synthesized in vitro and
the FiRE. In Fig. 1, results of gel mobility shift assays
demonstrating that multiple retarded complexes were formed
by 0- to 12-h Drosophila embryonic nuclear extract with the
labeled FlRE are shown. Two of these complexes exhibited
mobilities similar to those of single retarded complexes formed
by FTZ-Flot and FTZ-F13 proteins generated by in vitro
translation (Fig. 1, lanes 2 to 4).
To identify the major FiRE DNA-binding component as

FTZ-F1 (, a polyclonal antibody (anti-FF1I3) was raised against
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CGTCGTGGCAGAGTTCCAGCGGCTCATCCTCTT
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CGATACGAACTGTAAGTGTTCCAGTTTCGAG

FTZ-FI1cmsems YCAAGGYCR
FIG. 1. Identification of an FTZ-F1lB binding activity in Drosophila

embryonic nuclear extracts. In vitro-synthesized FTZ-Fla or FTZ-F1I
(in 2 p.l of reticulocyte lysate) or a 0- to 12-h mixed embryonic nuclear
extract (embryo n.e.), as indicated by the plus (presence) and minus
(absence) signs, was incubated with 32P-labeled FIRE (lanes 1 to 10)
or Adh (lane 11) oligonucleotides (sequences of the binding site
probes are shown at the bottom) and analyzed by gel mobility shift
assay on a 4.5% polyacrylamide gel. Lane 1 contains unprogrammed
reticulocyte lysate. Anti-FTZ-F1l3 serum (anti-FFI() (lanes 5 to 7) or
preimmune serum (PI) (lanes 8 to 10) was added to the binding
reaction mixtures. The 9-bp FTZ-F1 consensus binding sequence is
denoted by an arrow and is shown below the other sequences. The
double-stranded 33-bp FiRE binding site (positions -299 to -267
relative to the ftz transcriptional start site) contains a single FTZ-F1
consensus half-site sequence. The 31-bp Adh binding site (positions
-500 to -470 relative to the Adh transcriptional start site) is
composed of an imperfect inverted repeat with a 3' half-site containing
1 nonconsensus bp and a 5' half-site containing 2 nonconsensus bp.
The Adh half-sites overlap by 1 bp.

a malE-FTZ-Fl,B bacterial fusion protein and used in the gel
mobility shift assay. While preimmune serum produced no
effect on the number of retarded bands (Fig. 1, lanes 8 to 10),
the anti-FF13 antibody added to the binding reaction mixtures
specifically recognized the in vitro-translated FTZ-F1l , as well
as the predominant FlRE-binding component of the embry-
onic nuclear extracts, and resulted in a supershifted DNA-
protein complex (Fig. 1, lanes 6 and 7). The anti-FFl,B
antibody did not cross-react with in vitro-translated FTZ-Flx
(Fig. 1, lane 5). There was an apparent stabilization of
protein-DNA complex formation as a result of incubation with
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FIG. 2. FTZ-Flot and FTZ-F13 binding to the FIRE at site I in the
ftz promoter. A 324-bp EcoRI-XhoI ftz fragment corresponding to
positions -296 to +28 relative to the ftz transcription start site was

labeled with [ot-32P]dATP at the EcoRI site and incubated with
increasing amounts (0.35, 0.7, and 3.5 .ig) of bacterial extract contain-
ing malE-FTZ-F1lo (FTZ-Flo) (lanes 5 to 7), malE-FTZ-F13 (FTZ-
Fl,) (lanes 8 to 10), or malE (MalE) (lanes 11 to 13) fusion proteins
and subjected to limited DNase I digestion. The control (lane 4)
contains no protein. Maxam and Gilbert sequencing reactions are

shown in lanes 1 to 3. The DNase I footprint produced by FTZ-FI(X
spans 15 bp from positions -277 to -291 and overlaps with the
footprint produced by FTZ-FI,B from positions 277 to 290 (shown
at the right).

rabbit serum, particularly of those complexes formed with
nuclear extracts. While the remaining FIRE-binding compo-

nents are uncharacterized, in other studies early and late
FTZ-Flot binding activities have been found in embryonic
nuclear extracts and have been identified as isoforms of
FTZ-F1cx by using antibodies that recognize both isoforms (27,
49).

Interestingly, Ayer et al. (4) have recently identified two
factors which specifically interact with a site in the promoter of
the Adh gene: FTZ-Flo and DHR39 (which is identical to
FTZ-Fl(3) (35). An upstream region of the Drosophila distal
Adh gene contains an imperfect inverted repeat of the FTZ-F1
consensus binding sequence (Fig. 1). When this site was

incubated with nuclear extracts, the pattern of retarded bands
was similar to that for the ftz FiRE binding site (Fig. 1,
compare lanes 4 and 11). This suggested that the FIRE and
Adh sites formed similar complexes with the components of
nuclear extracts, in particular FTZ-Fio and FTZ-F1l3.
Comparison of FIZ-Fla and FI7Z-F11 DNA sequence

recognition and binding affinities. Since both FTZ-F1cx and
FTZ-Fi1 specifically recognize the FIRE, DNase I footprint-
ing was used to compare the interactions of the receptors with
the corresponding fragment of the ftz promoter containing this
element. Crude lysates from E. coli expressing malE-FTZ-F1ol
or malE-FTZ-F1( fusion proteins were used in a DNase I
protection analysis with a DNA probe encompassing a region
of the ftz proximal promoter (Fig. 2). Equivalent amounts of
FTZ-F1lo and FTZ-Fl protein, as determined by SDS-PAGE
(data not shown), were used in the binding reactions. Increas-
ing concentrations of FTZ-F1lo fusion protein produced a

15-bp DNase I protection pattern in the ftz promoter sequence

between nucleotides - 291 and - 277 (Fig. 2, lanes 5 to 7). The
DNase I cleavage pattern observed in the presence of FTZ-
Fl 3 fusion protein indicated a 14-bp region of protected
sequence between nucleotides - 290 and - 277 (Fig. 2, lanes 8
to 10). To verify that the presence of bacterial protein did not
contribute to the differential DNase I cleavage patterns, a
crude bacterial lysate containing the malE protein was incu-
bated with the DNA probe, and it produced the same digestion
pattern as did a no-protein control sample (Fig. 2, lanes 4 and
11 to 13). Comparison of protected regions indicated that the
FTZ-F1l and FTZ-Fl, interactions with DNA were similar.
The two proteins bind to the ftz promoter at a common site,
and the sequences protected from nuclease digestion were
identical except for one additional cytosine residue at nucle-
otide - 291 protected by FTZ-Flot. In previous studies using in
vitro gel mobility shift assays, two FTZ-Flox binding sites (sites
I and IV) have been identified in the proximal promoter of ftz
(49). The site I FIRE appears to be a strong binding site for
both FTZ-Flx and FTZ-F1l. In contrast, the sequence sur-
rounding site IV at positions - 145 to - 137 showed no
detectable DNase I footprints attributable to interaction with
FTZ-Flot or FTZ-F1lB (data not shown), indicating that bind-
ing of these factors to site IV is probably very weak, consistent
with previous findings (49).
A 9-bp consensus binding sequence for FTZ-F1cx (5'-

YCAAGGYCR-3') has been defined by comparison of four
binding sites in the ftz gene (49) and by in vitro DNA binding
studies of an FTZ-F1o homolog isolated from Bombyx mori
(48). We were interested in comparing the binding specificities
of FTZ-Floc and FTZ-F13 fusion proteins for a series of
FIREs in which single-base-pair substitutions disrupt the
consensus binding sequence (Fig. 3A and B). The most effi-
cient competitor for both FTZ-Fla and FTZ-F1,B binding to
the site I Fl RE probe was a fivefold excess of wild-type Fl RE
(Fig. 3A, lane 2), confirming that FTZ-Flox and FTZ-F1(
share the same consensus binding sequence. Base-pair substi-
tutions at positions 3 to 6 significantly affected the ability of
these oligonucleotides to compete with wild-type FIRE for
receptor binding (Fig. 3A, lanes 5 to 8). For example, a
200-fold excess of competitor having substitutions at position 5
or 6 no longer appeared to bind receptor proteins. FTZ622, a
protein product corresponding to the FTZ-F1l DNA binding
domain which has previously been shown to bind with a high
degree of specificity to the FIRE (50), showed a competition
pattern identical to that of FTZ-Flot fusion protein, indicating
that the malE portion of the chimeric protein was not inter-
fering with DNA binding specificity (Fig. 3A).

Overall, the competition patterns for FTZ-Flox and FTZ-
F113 were very similar, although some differences between
FTZ-Flot and FTZ-F13 DNA binding were observed. The
ftzlE and ftz2E mutant FIRE binding sites which introduce
substitutions of R (purine) for Y (pyrimidine) and D
(G+A+T) for C at positions 1 and 2, respectively, of the
consensus sequence were more effective at competing for
DNA binding with FTZ-F1( than FTZ-Flot recombinant
proteins. Minor differences in competition patterns between
FTZ-Flot and FTZ-Fl, were also noted with the mutant
competitors, ftz3E, ftz4E, and ftz9E, which disrupt positions 3,
4, and 9, respectively. The results showing the strong compe-
tition differences suggest that FTZ-F1f may have an affinity for
binding sites containing R and D residues at binding site
positions 1 and 2, respectively. Thus, at positions 1 and 2 some
degeneracy is permitted for FTZ-F11 binding activity.
We compared the DNA binding affinities of the FIRE to

these nuclear receptors by Scatchard analysis (Fig. 3C). Satu-
ration binding was monitored by a gel mobility shift assay with
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FIG. 3. Comparison of sequence specificities and DNA binding
affinities of FTZ-Floa and FTZ-F1,B for the FIRE. (A) Gel mobility
shift assay with mutant oligonucleotide competitors. Bacterial FTZ-
Flot or FTZ-F1B fusion protein or FTZ622 peptide (corresponding to
the DNA binding domain of FTZ-Flox) was incubated with a fixed
amount of 32P-labeled FiRE binding site and various amounts of
unlabeled mutant competitor oligonucleotides (between 5- and 200-
fold excess binding site, as indicated). The mutant oligonucleotides
(sequences are shown in panel B) disrupt the FTZ-F1 consensus
sequence. The DNA-protein complexes resolved on a 0.8% agarose gel
are shown. (B) Series of mutant oligonucleotides used in the compe-
tition assay. The sequence of the 33-bp FiRE binding site (positions
- 299 to - 267 in ftz) is shown in comparison with mutant oligonucle-
otides containing single-base-pair substitutions which disrupt the 9-bp
FTZ-Fi consensus binding sequence. (C) Scatchard plot of saturation
binding of 32P-labeled FiRE DNA binding site to bacterial FTZ-Flcx
or FTZ-Fi, fusion protein. Points represent the means for quadrupli-
cate binding reactions. Kd values for FTZ-Fiat and FTZ-Fl1 are 6.9
and 10.5 nM, respectively.

bacterial recombinant FTZ-Flcx and FTZ-F13 fusion proteins.
The apparent Kd values for FTZ-Flot and FTZ-F13 binding to
the FiRE oligonucleotides were 6.9 and 10.5 nM, respectively.
These Kd values are in agreement with the binding activities of
FTZ-Flot and FTZ-F1l, in footprint analyses and binding
specificity studies.
FrZ-Fla and HrZ-Fili bind to DNA as monomers. Nine

conserved heptad repeats of hydrophobic residues in the
ligand-binding domains of nuclear receptors have been pro-
posed to form a leucine zipper-like motif necessary for dimer-
ization (9, 10). These motifs are identifiable in the ligand-
binding domain of FTZ-F13 and to a lesser extent in that of
FTZ-Flao, suggesting that FTZ-Flot and FTZ-F13 may poten-
tially form dimers. A series of N-terminal truncation mutants
of FTZ-Flot and FTZ-F13 (Fig. 4) were constructed to detect
possible dimeric complexes. Wild-type and mutant proteins
were produced by in vitro translation in a rabbit reticulocyte
lysate and visualized by SDS-PAGE (data not shown). The
translation products, when assayed for specific DNA binding to
the site I FIRE, formed single retarded complexes, while
mock-translated reticulocyte lysate did not show specific bind-
ing complexes (Fig. 5, lane 1). The truncated FTZ-Fla. recep-
tor, FFlM3 (amino acids 575 to 1043), did not bind DNA (Fig.
5A, lane 5) as a result of deletion of the zinc finger DNA
binding domain, although this truncated receptor still contains
the regions immediately C terminal to the DNA binding
domain that may be important for dimer formation in the

retinoid X receptor (RXR) (29). Deletion of amino acids 1 to
192 or 1 to 328 in FTZ-Fla (mutants FFlaL1 and FFlot2) or

amino acids 1 to 144 or 1 to 323 in FTZ-Fl1 (mutants FF113
and FF1132) did not detectably affect DNA binding activity
(Fig. 5, lanes 2 to 4 in both panels). In mixing experiments to
detect dimer formation, full-length and truncated receptors
were incubated together prior to incubation with the DNA
probe (Fig. 5A, lanes 6 to 9, and Fig. SB, lanes 5 to 7). Only
bands corresponding to complexes containing the full-length or

truncated proteins were detected, and no intermediate mobil-
ity complexes corresponding to heterodimers appeared, indi-
cating that both FTZ-Fla and FTZ-F1P were binding to DNA
as monomers.

In addition, we tested whether FTZ-Flcx and FTZ-Fl1
could form monomers or dimers upon binding to the Adh site,
which contains an imperfect inverted repeat of the consensus

binding sequence (see the legend to Fig. 1). The inverted
repeat of the Adh site closely resembles classical steroid/
thyroid hormone/retinoic acid receptor response elements,
which contain a direct or inverted repeat of a 6-bp half-site
sequence, whereas the site I FiRE contains a single 9-bp
consensus binding sequence for FTZ-Flct and FTZ-F1,B. Iden-
tical patterns of gel mobility shift complexes were observed
with both the Adh and the FlRE binding sites (Fig. SA,
compare lanes 1 to 9 with lanes 10 to 18; Fig. SB, compare
lanes 1 to 7 with lanes 8 to 14). In Fig. 5B, lanes 8 to 14, a

nonspecific intermediate band is apparent; however, this band
is present at the same position in all lanes and is therefore
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FIG. 4. Schematic of wild-type and N-terminal-truncation mutants
of FTZ-Fla and FTZ-F1l . The DNA and ligand binding domains are
indicated, and amino acid positions are shown.

unlikely to correspond to a receptor dimer complex. These
results demonstrate that FTZ-F1lo and FTZ-F1lB do not form
homodimers upon binding to either the FlRE or the palin-
dromic Adh site and confirm our results obtained with nuclear
extracts (Fig. 1).

A B
AdhFIRE

To investigate the possibility of FTZ-Fla and FTZ-F13
heterodimer formation, in vitro-translated full-length and
truncated receptors were tested in combination for binding to
the FlRE and Adh sites (Fig. 6). The absence of additional
DNA-protein complexes with different mobilities in mixing
experiments indicates that there is no detectable FTZ-Flot-
FTZ-F1( heterodimer formation. This also appears to be true
for complexes formed with extracts from embryonic nuclei
(Fig. 1) or transfected Hep3B cells which coexpress FTZ-F1lo
and FTZ-F13 (see Fig. 7C).
The Drosophila homolog of the vertebrate RXR, usp (16, 36,

43), has been shown to form a heterodimer with the ecdysone
receptor upon binding to DNA (44, 54). In addition, usp can
substitute for RXR heterodimer formation with the vertebrate
nuclear receptors, retinoic acid receptor (RAR), vitamin D
receptor, thyroid receptor, and peroxisome proliferator activa-
tor receptors (21, 54). Studies with in vitro-translated usp
indicate that usp does not affect the mobilities of the FTZ-
Flot-DNA or FIZ-F1lB-DNA complexes, suggesting that usp
does not interact with these receptors on either the FiRE or
the Adh element (data not shown).

FTZ-Flot and FTZ-F1l exhibit different transcriptional
activities. To establish the functional relevance of FTZ-Flot
and FTZ-F13 binding activities to the FlRE, the transcrip-
tional activities of these receptors were assessed in transient
cotransfection assays. Schneider cell lines from D. melanogaster
express high levels of endogenous FTZ-Flcx and FTZ-F13
(35a). Also, ftz promoter-reporter gene constructs exhibited
very low levels of activity when transfected into these cell lines.
We therefore chose to perform transfection experiments with
the human hepatoma cell line Hep3B. Cells were transiently
transfected with a reporter plasmid containing one or two

FIRE Adh

-+ ---+++ + _- +++ - FTZ-Fla _ + - - + + - _ + -_ + + FFTZ.Fli
- - + - + - + - - + - + - + FFI,l

+ + + + + + FF1P2
FFIa2

FFRCO3

.

.~~~~~~~~.l::..: 0.

1 2 3 4 5 6 7 8 9 10 11 12 13 14

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

FIG. 5. Monomers of FTZ-Fla and FTZ-Flp bind to two related binding sites. (A) Protein-DNA complexes formed by in vitro-translated
full-length and N-terminally truncated FTZ-Flot receptors (as shown in Fig. 4), alone or in combination with FlRE (lanes 1 to 9) or Adh (lanes
10 to 18) binding sites, were assessed by gel mobility shift assay as described in the legend to Fig. 1. A specific binding complex was not detected
with the FTZ-Fla truncation mutant, FFlcr3, lacking the DNA binding domain (lanes 5 and 14). Control lanes, 1 and 10, contain 2 ,l of
unprogrammed reticulocyte lysate. Approximately equal amounts of in vitro translation product were added to all reaction mixtures. (B) Binding
of full-length or N-terminally truncated FTZ-Flp receptors (as shown in Fig. 4) alone or combined with FIRE (lanes 1 to 7) or Adh (lanes 8 to
14) binding sites. A faint nonspecific complex in lanes 8 to 14 migrates between the FF1I1 and FF1132 complexes with the Adh probe and
corresponds to a component of the reticulocyte lysate. +, receptor present; -, receptor absent.
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FIG. 6. FTZ-Fla and FTZ-F13 do not form dimers in vitro.

Binding of in vitro-translated wild-type or N-terminally truncated
FTZ-F1a and FTZ-F1p alone or in combination with 32P-labeled
FiRE (lanes I to 12) or Adh (lanes 13 to 15) binding sites was assessed
by gel mobility shift assay. +, receptor present; -, receptor absent.
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copies of the site I FIRE sequence upstream of the SV40 early
promoter and luciferase reporter gene. The insertion of the
FIRE into the reporter vector did not appear to affect the
basal activities (Fig. 7A). Although we cannot explain the
apparent increase in relative luciferase activity upon the inser-
tion of a single FIRE (Fig. 7B), this difference is not observed
in all similar transfection experiments (data not shown) and is
likely an artifact reflecting differences in plasmid quality.
Expression vectors for FTZ-Fla. and FTZ-F13 were cotrans-
fected with the FIRE reporter constructs, and efficient expres-
sion of functional receptors was verified by gel mobility shift
analysis (Fig. 7C). Cotransfection of the pTL1, FTZ-Flo, or
FTZ-Fl1 expression vector produced no effect on basal activ-
ity of the SV40 early promoter alone (Fig. 7A and data not
shown). Cotransfection of increasing amounts of FTZ-Fka
expression vector with 2F1 RE-SV40-Luc reporter plasmid
resulted in a 2- to 3-fold increase in FIRE-dependent tran-
scription (Fig. 7A), whereas cotransfection of increasing
amounts of FTZ-Fla expression vector with FlRE-SV40-Luc
resulted in a 1.5- to 2-fold increase in transcription above the
basal level (Fig. 7B). In contrast, cotransfection of similar
amounts of FTZ-Fl1 expression vector with either the 2F1 RE-
SV40-Luc or the FIRE-SV40-Luc reporter plasmid produced
transcriptional activity which was essentially at the basal level
(Fig. 7A and B). FTZ-F13 exhibited little activity, even though
it was expressed in these cells and had DNA binding activity
comparable to that of FTZ-F1lo (Fig. 7C).
We have suggested above that the two nuclear receptors

likely compete for binding to a single DNA element such as the
site I FIRE. Therefore, we investigated whether similar com-
petition effects could be reflected in FlRE-dependent tran-
scriptional activity. Cotransfection of 0.4 [ig of FTZ-Flo with
either 0.2 or 0.6 jig of FTZ-Fl1 resulted in reduced transcrip-
tional activation in comparison with the threefold increase in

F1 RE-SV40..Luc
d- -+ li.-1I(x

_ + + FiT.-F((

I2 3 4

- - - ((.2 1.4 (}.6 --0- 0.2 0.2 FTZ-FIiaqag/welh

0. 0.4 1(.61(.1 (.4 (.1, FTZ-FIl,(LIg/welli

FIG. 7. FTZ-F l o and FTZ-F l both contribute to the net transcriptional activity of a reporter gene driven by the Fl RE. (A) Receptor activities
were assayed in Hep3B cells cotransfected with 0.4 jig of 2FIRE-SV40-Luc reporter plasmid and 1.0 jig of expression vector (pTL1 and/or
TLFTZ-Floc and/or TLFTZ-F1lB). Amounts of FTZ-Flot and FTZ-F13 expression vector are indicated (a dash indicates that none of that vector
was used). Control cells were mock transfected with 1.6 jig of pBluescriptSK (Control) or cotransfected with 0.4 jig of the parent pGL2-promoter
plasmid (SV40-Luc) and 1.0 jig of pTL1. Relative luciferase activity values have been normalized to ,3-galactosidase activity (by cotransfecting 0.2
jig of LacZ expression vector, pCHI 0, as an internal control for differences in transfection and harvesting efficiencies) and are representative of
two experiments performed in triplicate; error bars indicate the standard errors. (B) The reporter plasmid FIRE-SV40-Luc containing a single
copy of the FIRE site was used in experiments parallel to those shown in panel A. For explanations and definitions, see the legend to panel A.
(C) Gel mobility shift assay showing binding of FTZ-Flot and FTZ-F1l3 expressed in Hep3B cells to the FIRE. Cytoplasmic extracts (10 ,ug of
protein) prepared from Hep3B cells mock-transfected (lane 1) or transfected with FTZ-Flot (lane 2), FTZ-F1lB (lane 3), or both FTZ-Flot and
FTZ-F1lB (lane 4) expression vectors were incubated with 32P-labeled FIRE probe. +, receptor present; -, receptor absent.
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transcription in the presence of 0.4 ,ug of FTZ-Flo expression
vector alone (Fig. 7A). When FTZ-Flat and FTZ-F1B were
transfected together with a reporter construct containing a
single copy of the FlRE in parallel experiments, the activation
by FTZ-Fla appeared to be attenuated by the presence of
FTZ-F13 (Fig. 7B).

DISCUSSION

The FiRE at site I in the zebra element of the segmentation
gene ftz is important for the generation of the normal seven-
stripe pattern of ftz expression seen in early embryos (49).
Attempts to identify transcription factors binding to this site
have led to the discovery of FTZ-Flot (28), which is a member
of the nuclear receptor family. Two isoforms of FTZ-Fla,
designated early and late, have been identified as FiRE-
binding components in 1.5- to 4-h and 12- to 24-h embryonic
extracts, respectively, by using antibodies specific for both
isoforms (27, 49). We recently reported an additional member
of this family, related to FTZ-Fla, which we have called
FTZ-F1lB. Like FTZ-Flot, FTZ-F11 also binds specifically to
the FiRE. Using a specific antibody to FTZ-Fl1, we demon-
strate that this receptor is also a predominant FlRE-binding
component in 0- to 12-h embryonic nuclear extracts and is
distinct from the early and late forms of FTZ-Flo (Fig. 1).
These findings are consistent with our previous in situ hybrid-
ization experiments showing similar distribution patterns of
FTZ-Flot and FTZ-F1 mRNA transcripts in early embryos
(35) and support our previous suggestion that they might
coregulate the expression offtz through common elements. We
have used the FiRE site as a paradigm to study possible
interactions between these receptors and to show that similar
elements in unrelated genes may also interact with FTZ-Fla
and FTZ-F13 in the same manner.
The biological importance of the site I FiRE has previously

been examined in germ line transformed embryos carrying a
zebra element-lacZ construct in which point mutations disrupt
the FTZ-F1 consensus sequence (49). These embryos exhib-
ited diminished ftz expression in stripes 1, 2, 3, and 6. On this
basis, the FTZ-FlJt gene products which specifically bind the
FiRE were suggested to function as transcriptional activators
of ftz (49). The discovery of FTZ-F1l3, as a major FiRE-
binding component, suggests that both FTZ-Fla and FTZ-F1P
may influence the expression of ftz or other genes where this
FTZ-F1 consensus sequence or closely related cis elements
have an apparent functional role in transcriptional regulation.
Additional FTZ-F1 consensus sequences are noted in the
autoregulatory upstream enhancer elements of the ftz gene
(13), as well as in the upstream regulatory regions of hairy (25)
and Ultrabithorax (33) genes.
We were interested in comparing the DNA binding se-

quence specificities and selectivities of these two nuclear
receptors implicated in transcriptional regulation of ftz. The
P-box amino acid sequences (ESCKG) found at the base of the
first zinc finger motif are conserved for FTZ-Fla and FTZ-
Flo,. These amino acids are believed to specify half-site
recognition by directly contacting bases in the major groove of
DNA (30, 31, 51). The identical P-box sequences, along with
similar FTZ-F1 consensus binding properties, suggested that
FTZ-Fla and FTZ-F1lB probably make contacts with similar
bases. In vitro DNase I footprint patterns with bacterially
expressed FTZ-Fla and FTZ-F1lB indicate that these factors
both physically contact a 14-nucleotide region of the ftz
promoter surrounding site I within the zebra element. The
sequence specificities of DNA binding for FTZ-Fla and
FTZ-Flp are similar. The FiRE consensus remains the high-

est-affinity binding site for both receptors. FTZ-Flot, however,
appears to be more sensitive to changes at positions 1 and 2 of
the consensus than does FTZ-F13. These minor differences in
base-pair preference may be attributed to amino acid differ-
ences between FTZ-Fla and FTZ-F13 outside the P-box
sequence. These studies do not exclude the possibility that
other DNA elements which discriminate between FTZ-F1lo
and FTZ-F1p exist.

Deletion and mutational analysis of a minimal FTZ-Fla
DNA binding domain indicates that the 30-amino-acid
FTZ-F1 box, abutting the second zinc finger, stabilizes DNA
binding and confers recognition of three nucleotides at the 5'
end of the FTZ-F1 consensus sequence (50). Domain-swap-
ping experiments with the DNA binding domains of NGFI-B,
RXR (H-2RIIBP), and SF-1 have been used to demonstrate
that an A box confers similar sequence recognition of three
nucleotides at the 5' end of an NGFI-B response element (52,
53). It has been proposed that the A box, which is completely
conserved (seven of seven residues) between Drosophila FTZ-
Fla and mouse ELP/SF-1, is important for the recognition of
nucleotides at the 5' end of the DNA response element;
however, between FTZ-F1lB and FTZ-Floa there is only 29%
conservation of this region (two of seven residues), yet FTZ-
Flo binds to the FTZ-Fl consensus with approximately the
same affinity and specificity as does FTZ-Fla. The proximal
three amino acid residues of the A box, Arg-Arg-Gly for
NGFI-B and Gly-Arg-Asn for SF-1, have been implicated in
making minor-groove contacts with the 5' nucleotides of a
half-site. Since in FTZ-Fla and FTZ-F1B these residues are
Gly-Arg-Asn and Gly-Arg-Ser, respectively, it would seem
likely that at least the conserved arginine may be the important
residue that participates in the proposed minor-groove inter-
actions.

Previous studies of protein-DNA interaction by methylation
interference assays have indicated that FTZ-Fla makes similar
contacts with the site I FiRE (28, 49) and one half-site of the
Adh element (3). In contrast, FTZ-F1l( was shown to contact
both half-sites of the Adh element (3). Full-length and N-
terminally truncated FTZ-Fla and FTZ-F1B receptors were
analyzed by gel mobility shift assays to demonstrate that they
bind to the FiRE oligonucleotide or an Adh site composed of
an inverted repeat of two imperfect half-sites as monomers
(Fig. 5). ELP/SF-1 and NGFI-B (53) also appear to bind to
their respective target elements as monomers and represent an
evolutionarily conserved subclass of nuclear receptors which
can bind alone to DNA. Our demonstration that the FTZ-
F1i-DNA complex is monomeric contrasts with the second
model proposed by Ayer et al., suggesting that FTZ-F1lBbinds
to the Adh site as a homodimer (4). It also seems unlikely that
another factor contributes to FTZ-F1lB binding to the Adh
element, since the relative sizes of complexes for FTZ-Fla and
FTZ-F1lB in either purified preparations or nuclear extracts
from whole embryos or cultured cells are inconsistent with this
possibility (compare Fig. 1 in this paper with Fig. 9 in reference
3). Our analyses further indicate that FTZ-Fla and FTZ-F1lB
heterodimerize neither with each other nor with usp, the
Drosophila homolog of RXR (data not shown).

Overall, the two receptors displayed markedly similar in
vitro DNA binding properties with respect to DNA sequence
specificity and binding affinity. These characteristics indicate
that FTZ-Fla and FTZ-Flp are likely candidates as compet-
ing transregulators offtz gene transcription; however, this has
yet to be proven directly for both receptors. It will be of
interest to generate transgenic fly lines to compare the patterns
of ftz expression in the presence of ectopically expressed
FTZ-Flot and FTZ-F1lB. Recently, Wilson et al. have sug-
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gested a similar mechanism of transcriptional regulation
through competition of the murine orphan receptors NGFI-B
and SF-1 for the same binding site (52). However, in vitro
DNA binding assays show that these proteins exhibit distinct
DNA sequence preferences which may be the determinants of
receptor target gene specificity.
We have shown that the orphan receptors, FTZ-Flot and

FTZ-F1l, exhibited differential transcriptional activities in
mammalian Hep3B cells. A threefold FlRE-dependent tran-
scriptional activation was mediated by FTZ-Flo. Transient
expression of FTZ-F1 3 produced no increase in transcriptional
activity, possibly because FTZ-F1p, at least in Hep3B cells,
forms a transcriptionally inert complex upon binding DNA.
The coexpression of FTZ-Flot and FTZ-F1o resulted in a
suppression of the level of transcriptional activation which
could be attributed to FTZ-F1cl alone. We propose that this
response is due to antagonism between the two receptors and
the net transcriptional effect of FTZ-Fla and FTZ-F13 DNA
binding to the FlRE-driven reporter gene. These results are
consistent with studies showing the separate transcriptional
activities of FTZ-Fla and FTZ-Fl through the Drosophila
distal Adh promoter in Drosophila cell (1006-2) transfection
experiments (4).

Receptor function in the context of mammalian versus
Drosophila cells is probably influenced by species- and cell-
specific ligands and/or other factors which participate in the
pathway of nuclear receptor-mediated transcriptional activa-
tion. The activity of FTZ-Flot in Hep3B cells may be due to
homologous signalling pathways that utilize related mamma-
lian receptors.
Monomer binding and competitive antagonism represent a

novel genetic switching mechanism by which nuclear receptors
modulate transcription. However, the effects of this competi-
tion on transcription will depend not only on the relative
concentrations of each receptor but also on their intrinsic
activities. In a different context, FTZ-Flot and FTZ-F1o might
have different transcriptional activation functions. For exam-
ple, it is possible that posttranslational modification (e.g.,
phosphorylation) or binding of an as-yet-unidentified receptor-
specific activating ligand or transcriptional intermediary factor
may modulate the transcriptional function of these nuclear
receptors at the target element. In conclusion, our data suggest
that F1'Z-Fla and FFZ-F13 likely coregulate other common
target genes in vivo by competing for binding as monomers to
a single half-site recognition element. With the possibility that
the transcriptional activities of these receptors and their alter-
natively spliced isoforms may be modified by other factors, this
type of competition could generate important diversity in
transcriptional responses.
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