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illumination. The Df(3L)cat stock was obtained from the Bloomington Stock
Center.

Northern blot analysis. Total RNA was isolated from oreR, Ftz-FI°" and Ftz-
F17%? homozygous females, resolved on a 1.5% formaldehyde—agarose gel, and
blotted onto nitrocellulose. Hybridization was performed at 55°C in 50%
formamide, 0.25M NaPO,, pH 7.2, 0.24 M NaCl, 0.1 mM ETDA, 7% SDS. 5
Antisense riboprobe was made using a 0.9-kb Sacl fragment specific for the o
cDNA, and subcloned under control of the T3 promoter. Transcription
reactions were carried out using a Boehringer Mannheim transcription kit.
Histochemical analysis. Antibody stainings were performed using mouse
monoclonal anti-En (ref. 26), mouse monoclonal anti-Wg (provided by S.
Cohen), and rabbit anti-Ftz (ref. 27), as previously described™. In situ
hybridization to ftz mRNA was as previously described”.

Affinity chromatography and far western analysis. Ftz affinity chromato-
graphy using His-tagged Ftz protein and nickel resins was performed as
previously described”. Far western analysis was performed as follows. Full-
length and homeodomain-deleted (A273-303) Ftz polypeptides were
expressed in bacteria®. TcFtz constructs were also expressed in bacteria.
Proteins expressed in vitro were made using a Promega TNT in vitro transcrip-
tion/translation kit. The N-terminal Ftz polypeptide was truncated at the
unique Sall site, and the TcFtz N-terminal polypeptide at the unique Sacl site.
Blotting of SDS—PAGE gels was as described”. To make the aFtz-F1 probe, a
full-length aFtz-FI cDNA®, under control of the phage T7 promoter, was
expressed in vitroas described above, except with *>S-methionine added to label
the protein. Blots were incubated with 50 pl labelled aFtz-F1 in 5ml cocktail
(0.1 M NaCl, 20 mM Tris, pH 7.6, 1 mM EDTA, 1 mM DTT, 10% glycerol, and
1% milk powder) for 2 h at 4 °C. The filter was washed in the above buffer for
1.5h at 4°C, dried and autoradiographed.

Ectopic-expression studies. P-element vectors expressing ftz deletion
derivatives under hsp70 promoter control were generated in the vector
pNMT4 (ref. 14). Lines expressing FtzA101-150 have been previously
described'®. Embryo collections, heat shocking, in situ hybridization and cuticle
preparation protocols have all been previously described'*.
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Homeobox genes specify cell fate and positional identity in
embryos throughout the animal kingdom'. Paradoxically,
although each has a specific function in vivo, the in vitro DNA-
binding specificities of homeodomain proteins are overlapping
and relatively weak. A current model is that homeodomain
proteins interact with cofactors that increase specificity in
vivo™. Here we use a native binding site for the homeodomain
protein Fushi tarazu (Ftz) to isolate Ftz-F1, a protein of the
nuclear hormone-receptor superfamily and a new Ftz cofactor.
Ftz and Ftz-F1 are present in a complex in Drosophila embryos.
Ftz-F1 facilitates the binding of Ftz to DNA, allowing interactions
with weak-affinity sites at concentrations of Ftz that alone bind
only high-affinity sites. Embryos lacking Ftz-F1 display ftz-like
pair-rule cuticular defects. This phenotype is a result of abnormal
ftz function because it is expressed but fails to activate down-
stream target genes. Cooperative interaction between homeo-
domain proteins and cofactors of different classes may serve as
a general mechanism to increase HOX protein specificity and to
broaden the range of target sites they regulate.

fiz is a segmentation gene of the pair-rule class located in the
Antennapedia (Antp) complex®. Although its homeodomain and in
vitro binding specificity is very similar to other Antp-class
proteins™®, its role in embryos is unique: loss-of-function ftz
mutations produce deletions of even-numbered parasegments and
ubiquitous expression causes an ‘anti-ftz’ phenotype in which odd-
numbered parasegments are missing’.

To understand the molecular basis of Ftz function in vivo, we
developed a modification of the yeast two-hybrid system to identify
cofactors that modulate its transcriptional activity (Y.Y., J. Hirsch
and L.P,, manuscript in preparation). This screen used a native Ftz-
target element from the upstream regulatory region of the ftz gene
itsel*®. The ftz proximal enhancer is required to establish and
maintain the ftz seven stripes'®. A core 323-base-pair proximal
enhancer (323-bp fPE; Fig. la) contains five native binding sites
for Ftz protein that mediate autoregulation™'!. The 323-bp fPE was
fused upstream of the yeast HIS3 gene and integrated into the yeast
genome. This reporter gene was expressed at low levels in yeast cells,
allowing growth in low concentrations of 3-aminotriazole (3-AT;
Fig. 1b). Expression of Ftz did not significantly increase reporter
gene expression, enabling Ftz-interacting proteins to be isolated by
growth selection in high concentrations of 3-AT. The native Ftz-
target element facilitated the isolation of cofactors whose interac-
tions with Ftz protein require their binding to DNA. One comple-
mentary DNA was isolated that supported only limited growth in
25mM 3-AT in the absence of Ftz but robust growth when Ftz was
present. At 50 mM 3-AT, little growth was detected without Ftz, but
cells grew avidly when Ftz was also expressed (Fig. 1b). This cDNA
encodes the full-length open reading frame of the a-form of the
nuclear hormone receptor Ftz-F1 (refs 12, 13), originally identified
as a DNA-binding protein that interacts with the ftz zebra'? and
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Upstream element
Distal Proximal Neurogenic Zebra
enhancer enhancer element element fiz
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ATCCTGATGTCTTCGATGTCAACACACCAGTGCTCAAGACATCGEAGGCAD
CECAACOPrATaTAGGACGOACAGGACCTCG Anc BOARGECARGE ACATA]
GG CGACGEGTGACGCATIGGGAAAATATITGTACAAAACATIGAGGATAT
CTCAAAAGTAGCACAGCGTTTCGGCRTCCITRACTITGATTGGIGEDNATC
F1F
W‘I‘EAI'CCACCCATTGEDAC(‘-A(‘CT(‘K‘GGAGGAGTC(?
FCGGTGGOCCTCCGATCGAAG
b Growth in 3-AT
1 mM 25 mM 50 mM 50 mM
323 bp fPE/HIS3 + - -
Ftz + - -
Ftz-F1 +4+ ++ +
Ftz+Fz-F1 4+ +4++ ++

Figure 1 Ftz-F1 was isolated as a Ftz cofactor in a yeast interaction screen. a, the
ftz gene (top); regulatory elements are indicated®. A core region of the proximal
enhancer, the 323-bp ftz proximal enhancer (323 bp fPE, positions 2,167-2,490)
directs expression in seven ftz-like stripes in vivo through a heterologous
promoter™ and contains five binding sites for Ftz protein (ovals); one is a high-
affinity, three are of medium affinity and one is a low-affinity site®, and there are
three binding sites for Ftz-F1 protein (rectangles)". One of the Ftz-F1 sites abuts a
medium-affinity FTZ site (underlined, F1F). b, The growth of cells carrying the 323-
bp fPE-HIS3 reporter gene in the absence of histidine and in the presence of
increasing concentrations of the competitive inhibitor 3-AT. Ftz protein did not
significantly stimulate growth; Ftz-F1 supported growth in 26mM 3-AT and
allowed for minimal growth in 50mM 3-AT. Ftz and Ftz-F1 together strongly
activated reporter gene expression, resulting in growth in 50 mM 3-AT.

upstream elements''. As the fiz-fI cDNA we isolated was not fused to
the Gal4 activation domain, Ftz-F1 is a potent transcription
activator in yeast cells, as it is in mammalian and Drosophila
cells"". Our findings suggest that Ftz-F1 not only interacts with
DNA but also cooperates with Ftz protein to activate transcription.

Ftz-F1 protein was detected in unfertilized eggs (Fig. 2a), suggest-
ing that it is maternally deposited, and at higher levels during
cellularization and germ band extension in all somatic nuclei (Fig.
2b, ¢). Ftz is expressed in seven stripes that surround the embryo at
the cellular blastoderm stage (Fig. 2d). Thus, Ftz and Ftz-F1
proteins are co-expressed in the nuclei of all cells where Ftz is
expressed. To test whether Ftz and Ftz-F1 are associated in
Drosophila embryos, Drosophila embryo nuclear extract was immu-
noprecipitated with anti-Ftz antibodies. Western blot analysis with
anti-Ftz-F1 antibody revealed a single 110K band, corresponding to
Ftz-F1 (Fig. 2e, lane 1). This band was not detected after immuno-
precipitation with preimmune serum (Fig. 2e, lane 2). This suggests
that Ftz and Ftz-F1 proteins are complexed in vivo.

The 323-bp {PE contains five Ftz binding sites and three Ftz-F1
binding sites. One Ftz-F1 site is adjacent to a medium-affinity Ftz
binding site (Fig. 1a). These sites are present in the Drosophila hydei
ftz upstream element'®, suggesting that they have a conserved
function. A 27-bp oligonucleotide spanning this region (Ftz-F1/
Ftz composite site, abbreviated to F1F; Fig. 1) interacted with Ftz-
F1, generating a single band in gel retardation assays (Fig. 3a,
bottom arrow in lane 2). Ftz alone (Fig. 3a, lane 3) did not bind
F1F DNA under these conditions, although it bound strongly to a
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Figure 2 Ftz and Ftz-F1 are coexpressed in developing embryos and from a |

complex in vivo. a, Ftz-F1 was detected in unfertilized eggs; b, at the cellular
blastoderm stage, Ftz-F1 was found in all somatic nuclei but not in the pole cells;
¢, expression remains ubiquitous through germ-band extension. d, Expression of
Ftz in seven stripes delimits the regions of potential interaction between the two
proteins. e, Co-immunoprecipitation of Ftz-F1 with Ftz from Drosophila nuclear
extracts; western blot is shown. Lanes: 1, nuclear extract precipitated with
purified anti-Ftz antibody; 2, nuclear extract precipitated with preimmune serum.
Arrow indicates the position of Ftz-F1. The four smaller species present in both
lanes are nonspecific.
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Figure 3 Ftz-F1 facilitates the binding of Ftz to its target DNA. a, The binding of Ftz
to DNA in the absence and presence of Ftz-F1 was compared in a gel retardation
assay. Lanes: 1, control extract; 2, 3 ug Ftz-F1; 3, 3 pg Ftz; 4-8, both Ftz and Ftz-F1
proteins. Note the formation of a Ftz/Ftz-F1/DNA ternary complex in lane 4.
Binding was inhibited by a 50-fold molar excess of specific competitor (F1F site,
lane 5) but not an unrelated oligonucleotide (Slp1 binding site, lane 6). Both the
Ftz-F1/DNA complex and the ternary complex were supershifted by anti-Ftz-F1
antibody (lane 7) but not preimmune serum (lane 8). b, Anti-FTZ antibody (lane 2)
abolished formation of the ternary complex but not the Ftz-F1/DNA binary
complex (control, lane 1). ¢, The presence of Ftz in the ternary complex was
verified by immunoprecipitation with anti-Ftz antibody (lane 2) compared with
preimmune serum (lane 3) or protein A-Sepharose-coated beads alone (lane 4).
The ternary complex (lanes 1 and 5, top arrow) was selectively inhibited by anti-
Ftz antibody. d, Formation of the ternary complex requires both Ftz and Ftz-F1
binding sites. When the core Ftz-F1 binding site was changed from AGGA to
ATAG, Ftz-F1 did not bind to DNA and no ternary complex was formed (lane 1).
Mutation of the Ftz binding site from ATTG to CGAT had no effect on Ftz-F1
binding to DNA, but the ternary complex was not detected (lane 2). A control
reaction with wild-type F1F DNA is shown in lane 3.

high-affinity site at the same concentration (not shown). When
both Ftz and Ftz-F1 were included in binding reactions, a more
slowly migrating complex formed (Fig. 3a, top arrow, lane 4). The
formation of both complexes was specific; a 50-fold molar excess of
unlabelled FIF DNA competed for binding (lane 5), but an
unrelated oligonucleotide did not (lane 6). This suggested that the
slowly migrating complex formed as a result of the specific binding
of both Ftz-F1 and Ftz to F1F DNA.

Inclusion of anti-Ftz-F1 antibodies abolished formation of the
Ftz-F1/DNA complex and of the more slowly migrating species,
whereas preimmune serum had no effect (Fig. 3a, lanes 7 and 8),
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Figure 4 Mutations in fts-f1 cause ftz-like pair-rule defects and alter Ftz function.
Cuticle preparations of first instar larva are shown (a-d). a, Wild type, b, ftz20
mutant, and ¢, ftz-f1 mutant, all displaying ftz-like pair-rule defects; d, ftz-f1 mutant
displaying a more extreme ftz phenotype typical of fzz*** mutants. e, Every other
En stripe, detected with an anti-En monoclonal antibody, was missing in ftz-f1
mutants. f, The expression pattern of &zRNA, shown at the blastoderm stage and
detected with digoxygenin labelled RNA probes, was normal in ftz-f1 mutant
embryos. g, The missing En stripes correspond to the Ftz-dependent stripes,
such that the remaining stripes (brown) alternate with correctly positioned ftz
stripes (blue).

indicating that both complexes contain Ftz-F1 protein. Addition of
anti-Ftz antibodies abolished formation of the upper complex only
(Fig. 3b). To confirm the presence of Ftz in the slowly migrating
complex, it was first removed from bacterial preparations by
immunoprecipitation. Formation of the slowly migrating complex
was selectively reduced (Fig. 3c, lane 2) whereas mock depletion
with preimmune serum (lane 3) or protein-A—Sepharose alone
(lane 4) had no effect. Together these results show that the slowly
migrating complex is a ternary complex containing Ftz-F1, Ftz and
DNA. More important, they demonstrate that Ftz-F1 protein
dramatically boosts the binding of Ftz to DNA: the ternary Ftz-
F1/Ftz/DNA complex formed at concentrations of Ftz that alone did
not bind the same oligonucleotide. Ftz alone did not bind to F1F
over the 50-fold concentration range tested here, but the ternary
complex was detectable at the lowest concentrations of Ftz tested.
Therefore the apparent affinity of Ftz for DNA was increased a
minimum of 50-fold by Ftz-F1 protein.

To determine whether both proteins interact directly with DNA
in the ternary complex, binding was assayed by using oligonucleo-
tides carrying point mutations in either the Ftz-F1 or Ftz binding
site within F1E. Mutation of the Ftz-F1 binding site abolished
interaction of Ftz-F1 with the oligonucleotide and also abolished
formation of the ternary complex (Fig. 3d, lane 1). Mutation of the
Ftz binding site had no effect on the formation of a Ftz-F1/DNA
binary complex, but the ternary complex was not detected (Fig. 3d,
lane 2). Together these results indicate that Ftz and Ftz-F1 bind
cooperatively to DNA.

In a large screen for autosomal zygotic-lethal mutations asso-
ciated with maternal-effect embryonic defects, we identified a
P-element-induced mutation, 1(3)03649, which exhibits a pair-
rule maternal effect phenotype'” (Fig. 4). 1(3)03649 mutant animals
derived from heterozygous mothers die during larval stages. How-
ever, all embryos, irrespective of paternal contribution, derived
from homozygous 1(3)03649 germline clones die during embry-
ogenesis and display fiz-like pair-rule phenotypes (Fig. 4c, d).
1(3)03649 was mapped by the Berkeley Drosophila genome project
to 75D4-5. Because the ftz-fI gene mapped to 75C1-D8 (ref. 13), we
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examined whether the P-insertion associated with 1(3)03649 dis-
rupted the fiz-fl gene. Southern analysis revealed alterations in
restriction fragments in the fiz-fI coding region in 1(3)03649
mutants. We further tested whether the phenotype could be rescued
by zygotic expression of a ftz-fI cDNA under the control of a heat-
shock promoter. The maternal-effect phenotype was partially res-
cued following a 20-min heat shock, and completely rescued
following a one-hour heat shock (not shown).

If Ftz-F1 functions in vivo as a Ftz cofactor to regulate down-
stream target genes, ftz-like phenotypes would result from loss of Ftz
function rather than a change in the expression pattern of the fiz
gene itself. ftz is required for the establishment of alternate en
stripes. Whereas En protein is detected in fourteen stripes in wild-
type embryos, only seven En stripes were detected in ftz-fI mutant
embryos (Fig. 4e), as in fiz mutant embryos. In contrast, fiz stripes
were correctly positioned and expressed at the cellular blastoderm
stage in ftz-fI mutants (Fig. 4f) and stripes remained strong through
the stage at which en expression is initiated. ftz expression was
visualized by in situ hybridization and embryos were double-stained
with anti-En antibodies (Fig. 4g). As expected, the seven remaining
En strips were present in alternate parasegment primordia where ftz
was not expressed. Thus, the Ftz-dependent En stripes were not
detectable in ftz-fI mutant embryos, in support of the idea that Ftz-
F1 acts as a Ftz cofactor in vivo, because Ftz is present but does not
activate en expression or direct the development of alternate
parasegments in the absence of wild-type Ftz-F1.

Mutations in the fiz-fI gene mimic loss-of-function ftz muta-
tions. Thus, despite the fact that it is expressed ubiquitously in early
embryos, loss of maternal Ftz-F1 function results in ftz-like pair-
rule defects. This suggests that the primary—if not exclusive—
function of Ftz-F1 through the cellular blastoderm stage is to serve
as a Ftz cofactor. The requirements for Ftz-F1 during later stages of
development are unknown. Ftz-F1 binds several sites in ftz regula-
tory regions, including the zebra element? and the upstream
element'’, a region of which was used in our yeast screen (Fig. 1).
Mutations in Ftz-F1 binding sites in the zebra element suggested a
role in activating ftz stripes'. Similarly, mutations of the three Ftz-
F1 binding sites in the 323-bp fPE abolished expression of a ftz/lacZ
fusion gene in embryos'®, so it was surprising that ftz was expressed
in ftz-fl mutants. However, Ftz-F1 may still play a role at late stages
in ftz autoregulation. First, fiz stripes decay slightly earlier in ftz-fI
mutants than in wild-type embryos during germ-band extension,
although this effect is subtle. Second, the autoregulatory phase is
more clearly observed when enhancer fragments are fused to a basal
heterologous promoter>*'. Expression of 323-bp proximal enhan-
cer/lac Z fusion genes dramatically decreased in ftz-f1 mutants,
supporting a role for Ftz-F1 in ftz autoregulation (data not shown).
Finally, the role of Ftz-F1 in regulating ftz expression may be masked
because of redundancy. We found that three other Drosophila
proteins interact with Ftz-F1 binding sites in vitro; at least two
activate transcription through the 323-bp fPE in vitro and are
present in early embryos'"'®. Therefore, in ftz-fI mutant embryos,
any one of these proteins may be sufficient to activate ftz transcrip-
tion. This is consistent with our previous observations that a high
degree of redundancy is built into the fiz regulatory network'.

Genetic analysis shows that Ftz-F1 is required for wild-type
function of the ftz gene. Ectopic expression defined a ‘homeo-
domain-independent’ function for Ftz'**' which may also be
explained by interactions with Ftz-F1 (see accompanying
manuscript’’). In contrast, gene rescue experiments using the
endogenous fiz promoter demonstrated a strict requirement for
the homeodomain® and we have found that DNA binding is
necessary for cooperative Ftz/Ftz-F1 interactions. This indicates
that Ftz and Ftz-F1 bind target DNA cooperatively in the wild-type
situation, whereas regions of Ftz outside the homeodomain are
sufficient to mediate weaker interactions with Ftz-F1 under condi-
tions of ectopic expression.
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The cofactor Extradenticle is a homeodomain protein®, which
interacts with several HOX proteins to increase DNA-binding
affinity and influence binding-site selectivity’. Thus, interactions
of HOX proteins with different cofactors will generate different
HOX-cofactor complexes that regulate distinct sets of downstream
genes. The ability of homeodomain proteins to interact with
proteins of the nuclear hormone receptor superfamily increases
the interaction combinations that can modulate HOX protein
activity in the embryo. Additional control may be provided by
binding of Ftz-F1 to an as-yet unidentified ligand. Unlike the ftz
gene itself, ftz-fI is conserved in higher organisms”. The identifica-
tion of Ftz-F1 as a homeodomain cofactor in Drosophila suggests
that mammalian Ftz-F1 may have a similar function in regulating
target-gene expression in higher organisms. U
Methods
Ftz-F1 was isolated in a yeast double-interaction screen, to be described
elsewhere (Y.Y., J. Hirsch and L.P., manuscript in preparation). Immunoloca-
lization of Ftz-F1 was done using standard methods with a rabbit polyclonal
antibody provided by C. Wu. For co-immunoprecipitation, affinity-purified
rabbit polyclonal anti-Ftz antibody was used. Immunoprecipitation was done
with protein A—Sepharose beads (Pharmacia) preincubated with either 10 p.g
of preimmune serum or purified anti-Ftz antibody. Drosophila nuclear extract

| was prepared from 0—9 h-staged embryos as described''. For western analysis, a

1:1,000 dilution of anti-Ftz-F1 antibody was used. Following incubation with
biotin-coupled anti-rabbit IgG, bands were visualized using an ABC Elite kit
(Vector Labs). Gel retardation assays were carried out as described". Binding
reactions (25 wl) containing 25 mM HEPES, pH 7.8, 0.5mM EDTA, 0.5 mM
DTT, 10% glycerol, 1 g poly(dI-dC) and ~10fmol **P-labelled F1F oligo-
nucleotide, and protein, were incubated on ice for 1 h. Reactions were analysed
by electrophoresis through 4% non-denaturing polyacrylamide gels using
0.5 X TBE as running buffer. Ftz and Ftz-F1 proteins were synthesized in
bacteria with the T7 system, using a pGEMF1 (ref. 26) and pJC20FTZ-F1 (gift
from C. Wu) expression plasmids. The ftz-fl expression plasmid encodes a
protein lacking 200 amino acids at the N terminus and the frz expression
plasmid encodes a full-length protein with three amino acids inserted after the
initiator methionine. Proteins were prepared as described” by denaturation
with 4M guanidine-HClI, followed by extensive dialysis to facilitate renatura-
tion. Germline clones homozygous for 1(3)03649 were generated using the
‘autosomal FLP-DFS’ technique®. Briefly, progeny of 1(3)03649 FRT**/TM3,
Sb females were crossed with FLP?%/Y; P(ovoP!)*! FRT>Y/TM3, Sb. Females were
allowed to lay eggs for 1d in glass vials and their progeny were heat-shocked
twice for 2 h at 37 °C in a circulating water bath over a period of two days, when
they reached late L2 to L3 larval stages. Subsequently, embryos derived from
females of genotype FLP?% 1(3)03649 FRT*/P(ovoP') FRT*" mated with
1(3)03649 FRT*/TM3, Sb males were analysed. For Southern blot analysis,
genomic DNA was digested with EcoRI, HindIII or Sacl. Control genomic DNA
was from 1(3)04556/TM3, Sb, a P-element lethal mutation induced on the
same parental chromosome as 1(3)03649, but at a different chromosomal
location. Zygotic rescue of the maternal effect segmentation phenotype
associated with 1(3)03649 was achieved as follows. Embryos derived from
females with 1(3)03649 germline clones were crossed to males homozygous for
either an hsp70-ftz-fI (experimental) or an hsp70-ftz-fl3/DHR39 (control)
transgene (gift from M. Petkovich). The ftz-f18/DHR39 gene encodes an
orphan receptor that is very similar in structure to Ftz-F1 (refs 14, 15).
Embryos of 1.5-2.5h after egg-laying were heat-shocked by submerging the
egg-collection plates, sealed with parafilm, into a 37 °C water bath for 20 or
60 min. The hsp70—ftz-f1, but not the ftz-fI3/DHR39, transgene was able
partially to rescue (n = 8/29 embryos) the maternal pair-rule phenotypes
associated with 1(3)03649 after 20 min heat shock. Partially rescued embryos
showed more than 4 denticle bands. Rescue was complete after 60 min heat
shock (of 50 embryos examined, 20 were rescued to various extents, of which 3
appeared to be wild type).
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compared to that in Figs 1a, 2b; also, in Fig. 2a legend, the rotation
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We omitted to cite an earlier report on (human) cyclooxygenase-2
structure by C. Luong et al.".

1. Luong, C., Miller, A., Barnett, J., Chow, J., Ramesha, C. & Browner, M. F. Flexibility of the NSAID
binding site in the structure of human cyclooxygenase-2. Nature Struct. Biol. 3, 927-933 (1996).




