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We describe experiments to compare the activities of two Drosophila homeodomain proteins, Bicoid (Bcd)
and an altered-specificity mutant of Fushi tarazu, Ftz(Q50K). Although the homeodomains of these proteins
share a virtually indistinguishable ability to recognize a consensus Bcd site, only Bcd can activate transcription
from natural enhancer elements when assayed in both yeast and Drosophila Schneider S2 cells. Our analysis
of chimeric proteins suggests that both the homeodomain of Bcd and sequences outside the homeodomain
contribute to its ability to recognize natural enhancer elements. We further show that, unlike the Bcd
homeodomain, the Ftz(Q50K) homeodomain fails to recognize nonconsensus sites found in natural enhancer
elements. The defect of a chimeric protein containing the homeodomain of Ftz(Q50K) in place of that of Bcd
can be preferentially restored by converting the nonconsensus sites in natural enhancer elements to consensus
sites. Our experiments suggest that the biological specificity of Bcd is determined by combinatorial contribu-
tions of two important mechanisms: the nonconsensus site recognition function conferred by the homeodomain
and the cooperativity function conferred primarily by sequences outside the homeodomain. A systematic
comparison of different assay methods and enhancer elements further suggests a fluid nature of the require-
ments for these two Bcd functions in target selection.

An important question in molecular biology concerns the
specificity of the actions of regulatory proteins such as tran-
scription factors. This question is particularly important for
homeodomain-containing proteins not only because of the vi-
tal biological roles they play but also because of their special
properties in DNA recognition. A homeodomain is an evolu-
tionarily conserved 60-amino-acid domain found in many
proteins that control a wide spectrum of essential biological
processes, ranging from mating type specification in Saccharo-
myces cerevisiae to embryonic pattern formation in animals (21,
48). The diverse and specific biological functions conferred by
homeodomain proteins seemingly contrast with their DNA
binding properties. Most homeodomain proteins bind to short
DNA sequences of only 6 bp, often with a common TAAT core
followed immediately by two bases that confer specificity (28,
51, 52). In addition, a number of homeodomain proteins can
bind to similar DNA sequences in vitro but exhibit different
biological functions in vivo (6, 14, 22, 24, 35).

Previous studies have suggested that the biological specific-
ity of homeodomain proteins may come from at least two
distinct sources: DNA binding and transcription control (6).
Cooperative binding to multiple sites within an enhancer ele-
ment can increase the DNA binding specificities of homeodo-
main proteins, thus increasing their target selectivity (4, 37).
DNA binding cofactors can also increase the DNA binding
activities of homeodomain proteins, further increasing their
DNA binding specificities and selectivity (10, 11, 54, 55, 61, 62).
More recent studies suggest that regulatory cofactors can fur-
ther increase the biological specificity of homeodomain pro-
teins by modulating their ability to activate or repress tran-
scription (31, 32). However, individual homeodomain proteins
are likely to utilize their own unique combinations of strategies

governing their biological specificities, each requiring system-
atic experimental analyses.

Bicoid (Bcd), a Drosophila homeodomain protein, controls
the development of the anterior structures in early embryos by
activating target genes required for embryonic pattern forma-
tion (5, 15, 17, 20, 42). Several target genes that directly re-
spond to Bcd function in the embryo have been identified (17,
43), including hunchback (hb) and knirps (kni), which are the
earliest zygotic genes activated by maternally derived Bcd (1,
29, 39). Bcd represents an important family of related proteins
that contain a signature lysine residue at the 50th position of
their homeodomains (referred to as K50 homeodomains). Pre-
vious studies suggest the 50th position of a homeodomain plays
a critical role in determining DNA binding specificity (26, 51);
this residue is located within the homeodomain’s third helix,
which makes most of the specific contacts with DNA (23). Like
Bcd, members of the K50 homeodomain family also play an
important role in development in various organisms. For ex-
ample, the mammalian pituitary homeobox protein (Pitx2) is
involved in determining left-right asymmetry during embryonic
development, and mutations in Pitx2 cause human Reiger syn-
drome (34, 41, 44, 49, 64). However, relatively little is known
about the molecular mechanisms governing proper target se-
lection by members of this important family of homeodomain
proteins. The study described in this report was designed to
help understand how Bcd selects its natural targets for tran-
scription control.

In this study, we take advantage of a derivative of another
Drosophila homeodomain protein, Ftz(Q50K), which has a glu-
tamine-to-lysine change at the 50th position of the homeodo-
main of Ftz (Fushi tarazu protein) (40). Previous studies have
shown that, despite its Bcd-like DNA binding specificity in
vitro (40), Ftz(Q50K) fails to activate natural Bcd targets in
Drosophila (47). We hypothesized that Ftz(Q50K) lacks impor-
tant function(s) that are conferred by Bcd and required for
proper target selection. By analyzing chimeric proteins gener-
ated from Bcd and Ftz(Q50K) in both yeast and Drosophila
Schneider S2 cells, we demonstrate that both the homeodo-
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main of Bcd and sequences outside the homeodomain contrib-
ute to its ability to recognize natural targets. We further show
that, unlike the Bcd homeodomain, the Ftz(Q50K) homeodo-
main fails to recognize nonconsensus DNA sites found in the
natural enhancer elements. In addition, the defect of a chi-
meric protein containing the homeodomain of Ftz(Q50K) in
place of that of Bcd is preferentially restored when all the
nonconsensus sites in natural enhancer elements are converted
to consensus sites. Our results suggest that proper target se-
lection by Bcd is facilitated combinatorially by two important
functions of Bcd: recognition of nonconsensus sites by the
homeodomain and a cooperative DNA binding function con-
ferred primarily by the sequences outside the homeodomain.
We also describe a systematic comparison of different assay
methods, which reveals differential requirements for Bcd se-
quences and their conferred functions in target selection.

MATERIALS AND METHODS

Plasmid construction. The plasmids used are listed in Tables 1 and 2.
(i) Constructs for in vitro translation. The DNA fragment encoding the

Ftz(Q50K) sequence was generated by a PCR-mediated mutagenesis procedure
using pActftz (25) as the template. The resulting PCR product was cloned into
the EcoRI site of pMA1222 (37) to generate pCZ90. The replacement of the Bcd
homeodomain by the Ftz(Q50K) homeodomain involved a multistep process.
Briefly, StuI and BclI sites were first introduced into the ends of the Bcd home-
odomain in pCZ95 by PCR-mediated mutagenesis. The Ftz(Q50K) homeodo-
main sequence was amplified by PCR from pCZ90 and inserted into the StuI-BclI
site of pCZ95 to create pCZ96. PCZ2029 was constructed from pCZ95 by
replacing the sequences flanking the Bcd homeodomain progressively with the
corresponding Ftz sequences. BcdTN3 was described previously (16). pFY1002,
pFY1005, and pCZ2029 were derived from pHB6 (18) with the frog globin
mRNA leader upstream of each coding sequence.

(ii) Activator gene constructs for expression in yeast and S2 cells. The LexA
fusion expression vectors used in yeast study were based on a Leu2 2mm plasmid,

AAH5 (2). The DNA fragments containing LexA-Bcd, LexA-Ftz(Q50K), LexA-
Bcd-Ftz(Q50K)HD, and LexA-Ftz-BcdHD were taken as HindIII-HindIII frag-
ments from pCZ95, pCZ90, pCZ96, and pCZ2029, respectively, and cloned into
AAH5 to generate pCZ99, pCZ97, pCZ100, and pCZ2038. The VP16 fusion
expression plasmids were also based on AAH5, and the VP16 acidic activation
domain was attached to the carboxyl terminus of Bcd or Ftz(Q50K) sequence.
pFY403 bears the gene that encodes a modified Bcd protein with a hemagglu-
tinin (HA) tag (MAYPYDVPDYAH) fused to its fourth codon. pFY403 was
generated from pAc5.1/V5-HisC (Invitrogen), and the expression of the Bcd
protein was controlled by the constitutive Drosophila actin 5c promoter,
pCZ2079, which expresses an HA-tagged Ftz(Q50K) protein, was constructed

TABLE 1. Plasmids used in transcriptional-activation studies

Gene
Plasmid

Insect vector Yeast vector Notes Source

Reporter genes
hb-CAT pCZ3005 This study
kni-CAT pCZ3006 This study
hb(6A)-CAT pCZ3007 This study
kni(6A)-CAT pCZ3008 This study
hb-lacZ pMA630R 16
kni-lacZ pTA123 This study
hb(6A)-lacZ pCZ3004 This study
kni(6A)-lacZ pTA170 This study
lexAOP-lacZ pJP167 J. Pearlberg
hb-lacZ(2mm) pCZ3015 This study
kni-lacZ(2mm) pCZ3017 This study
hb(6A)-lacZ(2mm) pCZ3016 This study
kni(6A)-lacZ(2mm) pCZ3018 This study

Activator genes
HA-Bcd pFY403 This study
HA-Ftz(Q50K) pCZ2079 This study
HA-Ftz(Q50K)-VP16 pCZ2087 This study
HA-Bcd-Ftz(Q50K)HD-VP16 pCZ2088 This study
HA-Ftz-BcdHD-VP16 pCZ2089 This study
HA-Bcd-VP16 pCZ2090 This study
LexA-Bcd pCZ99 LEU2 marker This study
LexA-Ftz(Q50K) pCZ97 LEU2 marker This study
LexA-Bcd-Ftz(Q50K)HD pCZ100 LEU2 marker This study
LexA-Ftz-BcdHD pCZ2038 LEU2 marker This study
Bcd-VP16 pMA1226 LEU2 marker 38
Ftz(Q50K)-VP16 pCZ2035 LEU2 marker This study
Bcd-Ftz(Q50K)HD-VP16 pCZ2036 LEU2 marker This study
Ftz-BcdHD-VP16 pCZ2037 LEU2 marker This study

TABLE 2. Plasmids used in biochemical studies

Gene Plasmid Notes Source

Bcd site
kni enhancer pCZ72 This study
hb enhancer pMAX1 37
hb(6A) enhancer pCZ3003 This study

For homeodomain expression
GST-BcdHD pCZ10 13
GST-Ftz(Q50K)HD pCZ57 13

For in vitro translation
LexA-Bcd pCZ95 SP6 promoter This study
LexA-Ftz(Q50K) pCZ90 SP6 promoter This study
LexA-Bcd-Ftz(Q50K)HD pCZ96 SP6 promoter This study
LexA-Ftz-BcdHD pCZ2029 SP6 promoter This study
Bcd BcdTN3 SP6 promoter 16
Ftz(Q50K) pFY1002 SP6 promoter This study
Bcd-Ftz(Q50K)HD pFY1005 SP6 promoter This study
Ftz-BcdHD pCZ2034 SP6 promoter This study
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with the Ftz(Q50K) coding sequence PCR amplified from pCZ97. pCZ2087,
pCZ2088, pCZ2089, and pCZ2090 contain HA-tagged coding sequences for
Ftz(Q50K)-VP16, Bcd-Ftz(Q50K)HD-VP16, Ftz-BcdHD-VP16, and Bcd-VP16,
respectively.

(iii) Reporter genes. pTA123 was constructed by two steps. First, a 64-bp kni
enhancer element was isolated as a KpnI-XhoI fragment from pKni-128 (kindly
provided by H. Jackle) and cloned into pBluescript KS(2) (Stratagene) to
generate pTA115. pTA123 was then produced by inserting a 300-bp PvuII-XhoI
fragment from pTA115 into pLR1D1D2m (59). pMA630R was described previ-
ously (38). The conversion from hb to hb(6A) was carried out in a stepwise
manner by PCR-mediated mutagenesis using pMAX1 as the original template
(37): X3s was initially mutated to a consensus site in pTA119; subsequently, X1
and X2 were converted to consensus sites in pCZ3003. Both pTA119 and
pCZ3003 are bacterium vectors derived from pBluescript KS(2). To construct
pCZ3004, an XhoI-XbaI (Klenow filled-in) fragment from pCZ3003 was inserted
into the XhoI-SmaI fragment of pLR1D1D2m. The kni(6A) sequence was gen-
erated by annealing two complementary 72-bp oligonucleotides (Operon). The
resulting duplex was cloned into the EcoRI site of pGEM-7Zf(2) (Promega) to
create pTA156. To construct pTA170, the kni(6A) element was excised from
pTA156 as an XhoI-SmaI fragment and inserted into the XhoI-SmaI fragment of
pLR1D1D2m. pJP167, provided by J. Pearlberg, contains two LexA sites up-
stream of GAL1-lacZ reporter genes and was described previously (38). All the
reporter genes carried on the replicating plasmids pCZ3015, pCZ3016,
pCZ3017, and pCZ3017 are based on pLR1D1 (59). The chloramphenicol acetyl-
transferase (CAT) reporter gene constructs were generated from pG1-TATA-
CAT, which contains the adenovirus E1b TATA box upstream of the CAT gene
(33). To construct pCZ3005, the hb enhancer element was isolated from
pMAX-1 as an XhoI-XbaI (Klenow filled-in) fragment and cloned into the
XhoI-XbaI (Klenow filled-in) fragment of pG1-TATA-CAT. pCZ3006 was con-
structed by inserting a 300-bp PvuII-XhoI fragment from pTA115 into the XhoI-
XbaI (Klenow filled-in) fragment of pG1-TATA-CAT. pCZ3007 and pCZ3008
contain modified hb(6A) and kni(6A) enhancer elements, respectively, upstream
of the CAT reporter gene.

(iv) Other constructs. pCZ10 and pCZ57, which express Bcd and Ftz(Q50K)
homeodomains in bacteria, are described elsewhere (13). pCZ72 contains the kni
enhancer element placed between the KpnI site and the BamHI site of PGEM-
7Zf(2). pMAX1 contains the hb enhancer element located between the HindIII
and BamHI sites (37).

Immunoprecipitation. All the proteins were expressed from the Sp6 promoter
and generated in a TNT coupled reticulocyte system according to the instructions
of the manufacturer (Promega). The relative amount of each protein generated
was estimated by evaluating the incorporation of [35S]methionine. Immunopre-
cipitation was performed essentially as described previously (37). A modification
was made in which protein A-Sepharose beads (Amersham Pharmacia Biotech)
replaced Staphylococcus aureus cells for the precipitation step in order to lower
background levels. Briefly, the proteins were incubated, precipitated with anti-
bodies against LexA (a gift kindly provided by M. Ptashne’s laboratory) and
protein A-Sepharose beads, washed four times with 103-volume wash buffer,
and separated in sodium dodecyl sulfate–10% polyacrylamide gels. The gels were
dried and visualized with a Molecular Dynamics PhosphorImager system. The
incubation and washing was done in buffer B (10 mM Tris z Cl [pH 7.5], 1 mM
EDTA, 150 mM NaCl, 0.1% NP-40) with 0.2% milk. The expression plasmids
were purified using a Qiagen miniprep kit and dissolved in diethyl pyrocarbon-
ate-treated water.

Transient-transfection experiments. Drosophila S2 cells (Invitrogen) were
grown at 25°C in DES expression medium (Invitrogen) supplemented with 10%
fetal bovine serum (Gibco). The cells were seeded in 60-mm-diameter tissue
culture plates at 4 3 106/plate 24 h before transfection. Transfection was per-
formed by the calcium phosphate coprecipitation method by following a protocol
from Gibco. Each plate was transfected with 1 mg of expression vector, 1 mg of
reporter vector, and 1 mg of copia-lacZ internal control plasmid (12). Salmon
sperm DNA (Invitrogen) was included as carrier DNA to bring the total amount
of DNA to 10 mg. The cells were harvested 48 h after transfection, and cell lysates
were prepared by a freeze-thaw method (3). The transfection efficiency was
determined by monitoring the b-galactosidase activity, and the amounts of ly-
sates used in the CAT assay and Western blotting were normalized accordingly.
The CAT assay was performed according to the method of Ausubel et al. (3). For
Western blotting, cell lysates were separated on sodium dodecyl sulfate–10%
polyacrylamide gels and transferred to cellulose membranes. The membranes
were blotted with an anti-HA monoclonal antibody (HA.11; Babco; 1:600 final
dilution) and imaged by enhanced chemiluminescence (Amersham Pharmacia
Biotech).

Homeodomain expression. The Bcd homeodomain and the Ftz(Q50K) home-
odomain were expressed in bacteria and purified as described previously (13).
Aliquots of dialyzed proteins were stored at 280°C. The concentration of active
homeodomain was measured by gel shift assay using 5 3 1026 M A1 site and
further confirmed by Scatchard plot analysis. The stock concentrations for the
Bcd homeodomain and the Ftz(Q50K) homeodomain were 7 3 1028 and 5 3
1028 M, respectively.

Gel shift assays. The radioactively labeled 122-bp kni probe and 300-bp hb
probe for the gel shift assay were isolated as an XbaI-SacI fragment from pCZ72
and a HindIII-XbaI fragment from pMAX1, respectively. In our experiments, the

probes were diluted to a final concentration of 6 3 10211 M. The oligonucleo-
tides used for making A1, X1, and X3s have been described elsewhere (13). For
gel shift analysis of either purified homeodomains or in vitro translation proteins
(see Fig. 3E for exceptions), the concentration of each probe was 5 3 1029 M.
Binding reactions were performed in 30 ml of BB buffer (15 mM HEPES [pH
7.5], 1 mM EDTA, 0.5 mM dithiothreitol, 40 mM KCl) containing 0.1 mg of
poly(dI-dC)/ml on ice for 20 min. After the addition of 4 ml of 30% Ficoll, the
samples were loaded onto 6% (for in vitro translation protein) or 8% (for
purified homeodomains) native polyacrylamide gels with 0.53 Tris-borate-
EDTA. The dried gels were analyzed with the PhophorImager system. For Kd
measurements, poly(dI-dC) was not included in the reaction mixtures. To gen-
erate the binding curves of the Bcd homeodomain on hb and kni, site occupancy
of the Bcd homeodomain at different protein concentrations was calculated as
described previously (8).

Yeast strains, b-galactosidase liquid assays, and Western blotting. Yeast
strains were generated by integrating the reporter plasmids into the URA3 locus
of CY26 (mata his3D200 lys2-801 ura3-52 ade2-101 trp1D1 leu2-D1), a strain
kindly provided by J. Peterson. The determination of copy number was per-
formed as described previously (38). Only strains with single-copy integration
were used for further experiments. The effector plasmids were introduced into
the resulting yeast strains by the lithium acetate method, and at least three
independent transformants were assayed for b-galactosidase activities (59). Nor-
mally, less than 20% variation between transformants was observed. For Western
blotting, transformed yeast cells were grown in 50 ml of synthetic medium lacking
leucine and with 2% glucose. The cells were harvested at an optical density at 600
mm of ;0.6, washed once, and resuspended in 0.1 ml of extraction buffer (200
mM Tris-Cl [pH 8.0], 400 mM (NH4)2SO4, 10 mM MgCl2, 1 mM EDTA, 10%
glycerol, 1 mM phenylmethylsulfonyl fluoride). The cells were disrupted with an
equal volume of 0.45-mm-diameter glass beads, and the supernatants were col-
lected after centrifugation. For Western blotting, the primary antibody was a
rabbit anti-LexA antibody (1:600 final concentration) from M. Ptashne’s labo-
ratory, and the secondary antibody was a horseradish peroxidase-conjugated goat
anti-rabbit immunoglobulin G (Bio-Rad; 1:2,000 final concentration).

RESULTS

Ftz(Q50K) fails to activate transcription from natural en-
hancer elements. Figure 1 shows the results of our transient-
transfection assays of Drosophila Schneider S2 cells analyzing
the ability of Bcd and Ftz(Q50K) to activate transcription from
natural enhancer elements. Two reporter genes were used in
our assays, hb-CAT and kni-CAT, which contain a 250-bp en-
hancer element from hb and a 60-bp enhancer element from
kni, respectively. Our experiments demonstrate that, unlike
Bcd (Fig. 1A, lanes 2 and 5), Ftz(Q50K) fails to activate tran-
scription efficiently from either natural enhancer element (Fig.
1A, lanes 3 and 6). This reflects a functional difference be-
tween these two proteins, because they both accumulated to
similar levels in Drosophila S2 cells (Fig. 1B). These results
further confirm the results of a previous study demonstrating
that Ftz(Q50K), despite its ability to recognize a consensus
Bcd site efficiently (40), fails to activate transcription from
natural enhancer elements in Drosophila embryos (47).

To further analyze the intrinsic properties of Bcd and
Ftz(Q50K), as well as those of their chimeric derivatives (see
below), we conducted transcriptional-activation assays in yeast
cells (see the description of experiments conducted in Schnei-
der cells below). For these experiments, we used three inte-
grated single-copy lacZ reporter genes containing upstream
either the hb enhancer element (hb-lacZ), the kni enhancer
element (kni-lacZ), or two LexA binding sites (lexAOp-lacZ).
The lexAOp-lacZ reporter gene was used because it permitted
an independent analysis of the activities of our proteins, which
were fused to the DNA binding domain of LexA (residues 1 to
87), to activate transcription through another DNA binding
specificity. Our experiments, shown in Fig. 2B, demonstrate
that, unlike LexA-Bcd (lanes 2 and 3), LexA-Ftz(Q50K) fails
to activate transcription from both hb and kni enhancer ele-
ments (lanes 5 and 6). The inability of LexA-Ftz(Q50K) to
activate transcription from the natural enhancer elements re-
flects a functional defect in recognizing these enhancer ele-
ments because the protein accumulated in yeast cells (Fig. 2C,
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lane 2) and, more importantly, can activate transcription from
LexA sites (Fig. 2B, lane 4).

Multiple regions of Bcd are required for efficient natural
target gene selection. To identify defects associated with
Ftz(Q50K) and thus important functions conferred by Bcd for
natural-target selection, we generated and tested the following
two chimeric proteins: LexA-Bcd-Ftz(Q50K)HD, containing
the homeodomain of Ftz(Q50K) with the rest of the protein
sequences from Bcd, and LexA-Ftz-BcdHD, containing the

homeodomain of Bcd within the Ftz framework (Fig. 2A). Our
transcriptional-activation experiments (Fig. 2B) demonstrate
that multiple regions of Bcd, including both the homeodomain
and sequences outside the homeodomain, contribute to effi-
cient activation from the natural enhancer elements. First,
unlike LexA-Bcd (lane 3), both chimeric proteins fail to sup-
port efficient activation from the kni enhancer element (lanes
9 and 12). In addition, LexA-Bcd-Ftz(Q50K)HD fails to acti-
vate transcription from the hb enhancer element (lane 8).

FIG. 1. Ftz(Q50K) fails to activate transcription from natural enhancer elements in Drosophila S2 cells. (A) Transient-transfection assays. Two reporter genes,
hb-CAT and kni-CAT, were used in transient-transfection assays to determine the activity of HA-tagged Bcd and Ftz(Q50K). Shown are CAT assay results from cells
cotransfected with effector plasmids bearing the gene encoding either no protein (lanes 1 and 4), Bcd (lanes 2 and 5), or Ftz(Q50K) (lanes 3 and 6). (B) Western blot
analysis. Antibodies against HA were used in the Western blot assay. Lanes 1 to 3 represent results using Drosophila cell lysates containing no activator, Bcd, and
Ftz(Q50K), respectively.

FIG. 2. Chimeric proteins assayed in yeast cells reveal important functions of Bcd. (A) Schematic diagram of the activators used in our study. The exchanged
homeodomains in the two hybrid molecules are shown as open and solid boxes. The DNA binding domain of LexA is not shown in this diagram because it is present
in all of the proteins. (B) Activation assay results. Different activator proteins were assayed for their abilities to activate transcription from the integrated reporter genes
hb-lacZ, kni-lacZ, and LexAOp-lacZ. Shown are b-galactosidase activities obtained from these assays. (C) Western blot assay using antibodies against LexA. Lanes 1
to 5 represent results using yeast cell lysates containing no activator, LexA-Ftz(Q50K), LexA-Bcd, LexA-Bcd-Ftz(Q50K)HD, and LexA-Ftz-BcdHD, respectively. A
nonspecific band at ;46 kDa, which has been reported previously (46), can be used as an internal control.
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Interestingly, transcriptional activation by both chimeric pro-
teins from the kni enhancer element is affected more severely
than that from the hb enhancer element (Fig. 2B, lanes 8 and
9 and lanes 11 and 12; also see below). The decreased activity
observed with these proteins reflects their inability to efficiently
recognize the natural enhancer elements, because all our pro-
teins accumulated to comparable levels in cells (Fig. 2C, lanes
4 and 5) and can activate transcription from LexA sites (Fig.
2B, lanes 7 and 10).

Protein sequences of Bcd, but not Ftz(Q50K), outside their
homeodomains confer protein-protein interaction function.
Our previous studies suggested that protein sequences of Bcd
flanking its homeodomain facilitate efficient cooperative DNA
recognition through a direct interaction between Bcd mole-
cules (37, 63). To determine whether sequences of Ftz outside
its homeodomain can confer a similar protein-protein interac-
tion function, we conducted a coimmunoprecipitation assay
(Fig. 3A). We also analyzed the two chimeric proteins de-
scribed above in the coimmunoprecipitation assay (Fig. 3B and
C). All proteins were generated and radioactively labeled in an
in vitro translation system. For each experiment, two proteins,
one of which was fused to LexA, were incubated and precipi-
tated using antibodies against LexA (see Materials and Meth-
ods for details).

Figure 3D summarizes our coimmunoprecipitation results.
As reported previously (63), Bcd molecules can interact with
each other in the coimmunoprecipitation assay (Fig. 3A, lane
10, and C, lane 9). However, Ftz(Q50K) molecules fail to
interact with each other in the same assay (Fig. 3A, lane 12).
Ftz(Q50K) also fails to interact with a Bcd molecule (Fig. 3A,
lane 9). In addition, the analysis of various combinations of
derivatives further demonstrates that the protein interaction
function of Bcd is associated with the sequences outside its
homeodomain (summarized in Fig. 3D). Most notably, Bcd-
Ftz(Q50K)HD, which contains the homeodomain of
Ftz(Q50K) in place of that of Bcd, can self-associate (Fig. 3B,
lane 7) and can interact with Bcd (Fig. 3B, lane 8). Taken
together, our experiments identify a self-association defect of
Ftz(Q50K) and Ftz-BcdHD, suggesting that their inability to
activate efficiently from natural enhancer elements is caused,
at least in part, by such a defect (see below).

To further determine the importance of the protein-protein
interaction function in cooperative DNA recognition, we car-
ried out a DNA binding assay using in vitro-translated full-
length Bcd and Ftz(Q50K) proteins on an enhancer element
with consensus Bcd sites. Our results (Fig. 3E) show that, at
low concentrations, both proteins bind to the enhancer ele-
ment similarly (lanes 3 and 4 and 10 to 12). In contrast, the
binding profiles for these proteins are dramatically different at
higher concentrations. While Bcd quickly forms complexes
with multiple protein molecules and depletes the free probe
(Fig. 3E, lanes 7 to 9), Ftz(Q50K) forms only smeary com-
plexes in an incremental manner and fails to deplete the free
probe (lanes 13 to 15). These results demonstrate that, unlike
Bcd, which shows a highly cooperative binding profile (37),
Ftz(Q50K) fails to bind to the enhancer element cooperatively.
Together, our experiments suggest that cooperativity facili-
tated by the self-association function of Bcd, but not
Ftz(Q50K), contributes to proper target selection.

Differential requirements for Bcd sequences in recognizing
different enhancers. Our experiments (Fig. 2B) reveal an in-
teresting difference between the requirements of the hb and
kni enhancer elements for Bcd sequences. Most strikingly,
LexA-Ftz-BcdHD, which contains the homeodomain of Bcd
with the rest of the sequences from Ftz, can activate transcrip-
tion from the hb enhancer element efficiently (Fig. 2B, lane

11). In contrast, this protein is virtually nonfunctional from the
kni enhancer element (lane 12). Although the primary protein-
protein interaction and cooperative DNA binding functions of
Bcd are conferred by sequences outside its homeodomain (37,
63) (Fig. 3E), the homeodomain can provide a residual coop-
erative DNA binding function (Fig. 3F) (8). Such residual
cooperativity is more evident on the hb enhancer element than
on the kni enhancer element (Fig. 3F). We propose that this
difference is responsible for the reduced dependence on Bcd
sequences outside its homeodomain in recognizing the hb en-
hancer element.

The homeodomain of Bcd, but not Ftz(Q50K), can recognize
both consensus and nonconsensus sites. To further under-
stand the contributions of the homeodomain to the ability of
Bcd to activate transcription from natural enhancer elements,
we analyzed in more detail the DNA binding properties of the
homeodomains of Bcd and Ftz(Q50K). It has been shown that
the Ftz(Q50K) homeodomain can recognize a consensus Bcd
site, TAATCC, with high affinity (40). Our measurements sug-
gest that both the Bcd and Ftz(Q50K) homeodomains bind to
this DNA sequence with comparable affinities (Fig. 4A and B).
The estimated Kd values for the interactions of the Bcd and
Ftz(Q50K) homeodomains with a consensus Bcd site were
2.3 6 0.6 3 10210 and 5.5 6 1.1 3 10210 M, respectively.
However, when these homeodomains were analyzed for their
ability to recognize the natural kni enhancer element in a gel
shift assay, fewer Bcd sites appeared to be occupied by the
Ftz(Q50K) homeodomain than by the Bcd homeodomain (Fig.
4C).

Both kni and hb enhancer elements contain Bcd sites that
deviate from the TAATCC consensus, including sequences
that do not have a TAAT core. Our experiments (Fig. 4C)
suggest that the Ftz(Q50K) homeodomain may be defective in
recognizing nonconsensus Bcd sites. To test this idea directly,
we conducted gel shift experiments investigating the abilities of
the homeodomains of Bcd and Ftz(Q50K) to bind to different
individual sites. In our assay, we chose three different types of
naturally occurring Bcd sites: TAATCC (A1), TAAGCT (X1),
and TGATCC (X3s). While A1 represents a consensus site, X1
and X3s represent nonconsensus sites, each lacking a TAAT
core. Our gel shift experiments (Fig. 5A) show that the Bcd
homeodomain can bind to all three sites efficiently (lanes 2, 5,
and 8). In contrast, the Ftz(Q50K) homeodomain can bind
efficiently only to A1 (lane 3) but undetectably to X1 and X3s
(lanes 6 and 9) in the same assay. Interestingly, the protein-
DNA complex containing the Ftz(Q50K) homeodomain has a
mobility different from that of the complex containing the Bcd
homeodomain; similar mobility differences between different
homeodomains have been reported previously (60).

To confirm that the Bcd and Ftz(Q50K) homeodomains
confer their respective individual site specificities to full-length
proteins that had been used in our activation assays (Fig. 2), we
conducted gel shift experiments using the following proteins:
LexA-Bcd, LexA-Ftz(Q50K), and LexA-Bcd-Ftz(Q50K)HD.
Our experiments (Fig. 5B) demonstrate that LexA-Ftz(Q50K)
and LexA-Bcd-Ftz(Q50K)HD, both of which contain the ho-
meodomain of Ftz(Q50K), fail to bind to X1 and X3s (lanes 9,
10, 14, and 15) despite their normal ability to bind to the
consensus site A1 (lanes 4 and 5). Together, our results show
that, unlike the Bcd homeodomain, the Ftz(Q50K) homeodo-
main is unable to efficiently recognize nonconsensus sites
found in natural enhancer elements.

Modified enhancer elements preferentially restore activity
to a chimeric protein containing the Ftz(Q50K) homeodo-
main. We hypothesized that the failure of LexA-Ftz(Q50K)
and LexA-Bcd-Ftz(Q50K)HD to activate transcription from
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natural enhancer elements is caused, at least in part, by their
inability to recognize nonconsensus sites in these enhancer
elements. To test this hypothesis, we generated two modified
enhancer elements by converting all the nonconsensus sites to
consensus sites [hb(6A)-lacZ and kni(6A)-lacZ (Fig. 6A)]. Our
transcriptional-activation experiments demonstrate that the
activity of LexA-Bcd-Ftz(Q50K)HD, which contains the home-

odomain of Ftz(Q50K) and is unable to recognize nonconsen-
sus sites, is dramatically and preferentially increased on the
modified enhancer elements (Fig. 6B, lanes 1 and 4). In con-
trast, the activity of LexA-Bcd (Fig. 6B, lanes 2 and 5) and
LexA-Ftz-BcdHD (lanes 3 and 6), both containing the home-
odomain of Bcd, is only modestly increased on the modified
enhancer elements. These results demonstrate that the inabil-

FIG. 3. Bcd protein sequences outside the homeodomain participate in protein-protein interaction. (A to C) Shown are coimmunoprecipitation assay results. In
vitro-generated and radioactively labeled proteins were incubated and then precipitated with antibodies against LexA (see Materials and Methods for details). The input
represents one-fifth of the amount of proteins used in the coimmunoprecipitation assays. 1, present. (D) Summary of coimmunoprecipitation assay results. 1,
interaction; 2, no interaction; N.D., not determined. (E) Gel shift assays using in vitro-translated full-length Bcd and Ftz(Q50K). The experiments shown in lanes 3
to 6 used a modified hb enhancer element (;1.5 3 10211 M) with six consensus sites (Fig. 6A). Lanes 3 and 16 represent experiments with no translation lysate and
10 ml of luciferase translation lysate added, respectively. The experiments in lanes 1 and 2 were performed on a single-Bcd-site probe (;1028 M), permitting an estimate
of the amounts of the active proteins (1 ml of translation lysates used). According to this estimate, similar amounts of active proteins were used in the experiments shown
in lanes 4 to 15: 0.25, 0.5, 1, 2, 4, and 8 ml of Bcd translation lysates for lanes 4 to 9, respectively; 0.3, 0.6, 1.25, 2.5, 5, and 10 ml of Ftz(Q50K) translation lysates for
lanes 10 to 15, respectively. (F) Residual cooperativity of Bcd homeodomain on hb and kni enhancer elements. Shown are binding curves of the recombinant Bcd
homeodomain on the hb and kni enhancer elements measured in a gel shift assay. The occupancy of the Bcd homeodomain on DNA sites was calculated as follows:
the sum of the amount of shifted complex 3 number of protein molecules in the complex/total number of Bcd sites on the probe (8). % Bound, fraction of maximal
binding. The results in this figure are consistent with those published previously (8). The cooperativity provided by the homeodomain is very modest compared to that
of full-length Bcd: it takes about a 70-fold increase in Bcd homeodomain concentration to achieve from 5 to 95% binding to the hb enhancer element, in contrast to
less than a 4-fold increase for full-length Bcd to achieve similar binding (37, 63) (see panel E).
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ity of the Ftz(Q50K) homeodomain to recognize nonconsensus
sites is one underlying defect of LexA-Bcd-Ftz(Q50K)HD in
activating transcription from natural enhancer elements. Our
results also show that LexA-Ftz(Q50K) remains inactive from
these modified enhancer elements (Fig. 6), suggesting that, in
addition to its inability to recognize nonconsensus sites, this
protein has other functional defects, e.g., inability to self-asso-
ciate and to bind DNA cooperatively (Fig. 3A and E).

A strong activation domain fails to restore activity to non-
functional proteins. Recent studies have suggested that the

activation potentials of homeodomain proteins, at least some
Q50 homeodomain proteins, can help define their functional
specificities. For example, it was shown that the biological
function of Ultrabithorax (Ubx) was altered to mimic that of
Antennapedia (Antp) by attaching to Ubx the strong activation
domain VP16 (31). In addition, it has been suggested that
different activation domains of a transcription factor may be
utilized in different DNA binding contexts (56). To further
determine whether our inactive proteins fail to activate tran-
scription due to a lack of efficient activation functions, we fused

FIG. 4. Bcd and Ftz(Q50K) homeodomains have comparable affinities to a consensus Bcd site but bind to the kni enhancer element differently. (A and B) Gel shift
assays for a Scatchard analysis to determine the affinities of recombinant Bcd and Ftz(Q50K) homeodomains for the consensus site A1. The DNA concentrations used
in these analyses were 6 3 10211, 1.2 3 10210, 1.8 3 10210, 2.4 3 10210, 6.0 3 10210, 1.2 3 1029, 1.8 3 1029, 2.4 3 1029, and 4.8 3 1029 M for lanes 1 to 9, respectively.
The Kd values given in the text represent averages of results of three independent assays. (C) Results of gel shift assays of recombinant Bcd and Ftz(Q50K)
homeodomains on the natural kni enhancer element. At low concentrations, the bindings of these proteins appear similar (lanes 2 to 3 and 10 to 11). However, at higher
concentrations of the proteins, complexes containing more protein molecules were obtained for the Bcd homeodomain than for the Ftz(Q50K) homeodomain (lanes
7 to 8 and 14 to 15). See the text for further details. Since the kni enhancer element contains all nonconsensus sites, we do not know exactly which of them is recognized
by the Ftz(Q50K) homeodomain. Two potential candidate sites in the kni enhancer element deviate from the consensus site only modestly because they still contain
a TAAT core: TAATCG and TAATCT. The Bcd homeodomain exhibits little cooperativity on the kni enhancer element (Fig. 3F); therefore, the protein-DNA
complexes observed here represent primarily progressive independent recognition of different Bcd sites.
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the strong activation domain VP16 (45, 53) to them and tested
their activities on different reporters. Our results show that, as
expected (38), VP16 can increase the activity of Bcd on all the
enhancer elements analyzed (e.g., Bcd-VP16 is 10 and 2.8
times more active than LexA-Bcd on hb-lacZ and kni-lacZ
reporters, respectively). However, VP16 fails to change the
relative activities of all our proteins from the natural enhancer
elements (Fig. 7; compare the similar profiles of the two
graphs). These experiments further support the idea that the

defects associated with the inactive proteins reflect primarily
their inability to recognize specific enhancer elements rather
than their activation potentials (38a).

Transcriptional-activation assays in Schneider cells further
illustrate the importance of Bcd functions in natural-target
recognition. To further corroborate our findings with yeast
cells, we analyzed four different proteins [Bcd-VP16, Ftz
(Q50K)-VP16, Bcd-Ftz(Q50K)HD-VP16, and Ftz-BcdHD-
VP16] for their abilities to activate CAT reporter genes con-

FIG. 5. Nonconsensus sites are recognized by the Bcd homeodomain but not the Ftz(Q50K) homeodomain. Shown are gel shift assay results of either recombinant
homeodomains (A) or in vitro-translated full-length proteins (B) on three different types of Bcd sites. A1 contains a consensus sequence, TAATCC; X1 and X3s contain
nonconsensus sequences, TAAGCT and TGATCC, respectively. For the experiments shown in panel A, the proteins used were none (lanes 1, 4, and 7), the Bcd
homeodomain (lanes 2, 5, and 8), and the Ftz(Q50K) homeodomain (lanes 3, 6, and 9). For the experiments shown in panel B, the proteins used were none (lanes 1,
6, and 11), control lysate with luciferase translated (lanes 2, 7, and 12), lysate containing LexA-Bcd (lanes 3, 8, and 13), lysate containing LexA-Ftz(Q50K) (lanes 4,
9, and 14), and lysate containing LexA-Bcd-Ftz(Q50K)HD (lanes 5, 10, and 15). (C) Full-length proteins generated in an in vitro translation system. Lanes 1 to 3,
LexA-Bcd, LexA-Ftz(Q50K), and LexA-Bcd-Ftz(Q50K)HD, respectively. See Materials and Methods for further details.

FIG. 6. Modified enhancer elements preferentially restore the activity of a defective protein. (A) Reporter genes hb and kni represent natural enhancer elements,
whereas hb(6A) and kni(6A) are modified enhancer elements with all nonconsensus sites (shaded arrows) converted to consensus sites (solid arrows). (B) Ratios of the
b-galactosidase activities obtained from the hb(6A)-lacZ and kni(6A)-lacZ reporters to those from the hb-lacZ and kni-lacZ reporters. The experiments show that,
relative to LexA-Bcd (lanes 2 and 5) and LexA-Ftz-BcdHD (lanes 3 and 6), the activity of LexA-Bcd-Ftz(Q50K)HD, which cannot recognize nonconsensus sites (Fig.
5), is preferentially restored by the modified enhancer elements (lanes 1 and 4). b-Galactosidase units from the hb-lacZ reporter were 27, ,0.2, 1, and 17 for LexA-Bcd,
LexA-Ftz(Q50K), LexA-Bcd-Ftz(Q50K)HD, and LexA-Ftz-BcdHD, respectively; from the kni-lacZ reporter, they were 23, ,0.2, ,0.2, and 0.8; from the hb(6A)-lacZ
reporter, they were 42, 0.3, 19, and 19; and from the kni(6A)-lacZ reporter, they were 94, 0.3, 14, and 6.3.
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taining either natural or modified enhancer elements in
Schneider cells. All our proteins were fused to the strong
activation domain VP16 in order to specifically measure their
target recognition functions (see above). Our transcriptional-
activation assays conducted with Schneider cells provide a
strong general agreement with our findings with yeast cells
(Fig. 8; compare open and solid bars) (see below for one major
exception). These results further demonstrate the importance
of Bcd sequences and their conferred functions in natural-
target selection.

Interestingly, our comparative analysis reveals one major
difference between results with yeast and Schneider cells. In
particular, Bcd-Ftz(Q50K)HD-VP16 activates transcription ef-
ficiently from the kni enhancer element in Schneider cells (Fig.
8B, lane 8) while it is virtually inactive in yeast cells (Fig. 8B,
lane 7). We noted that our assays conducted with yeast and
Schneider cells were different in terms of the reporter gene
status: integrated single-copy reporter genes in yeast versus
reporter genes carried on plasmids in Schneider cells. To de-
termine whether such a difference in reporter gene status dic-
tates the activity profiles in these two assay systems, we ana-
lyzed the four VP16 fusion activators on reporter genes that
were carried on replicating plasmids in yeast. Although higher
absolute activity was obtained in our plasmid reporter assays
(see the legend to Fig. 8), as expected, because of the multiple
copies of the reporter genes, the activity profiles are in general
agreement with those obtained in single-copy integrated re-

porter assays (Fig. 8; compare open and shaded bars). In par-
ticular, Bcd-Ftz(Q50K)HD-VP16 remained inactive on the kni
enhancer element in yeast (Fig. 8B, lane 9), suggesting that
host differences can influence the requirements for Bcd se-
quences and their conferred functions in target selection (see
below for further discussions).

DISCUSSION

Our experiments show that two K50 homeodomain proteins,
Bcd and Ftz(Q50K), which have similar affinities to a consen-
sus TAATCC site (Fig. 4), exhibit distinct abilities in mediating
transcriptional activation from natural enhancer elements (Fig.
1 and 2). This observation exemplifies a puzzle underlying
target selection by homeodomain proteins: why do homeodo-
main proteins behave differently in vivo while sharing similar
or identical DNA binding specificities? We suggest that the
recognition of nonconsensus sites represents an essential bio-
chemical function that helps define biological specificity. This
idea is supported by our experiments demonstrating that the
activity of LexA-Bcd-Ftz(Q50K)HD, which contains the
Ftz(Q50K) homeodomain and fails to bind to nonconsensus
sites (Fig. 5), can be preferentially restored by converting the
natural nonconsensus sites to consensus sites (Fig. 6b). Non-
consensus sites are also found in the hb enhancer elements
from other fly species (7, 36). Previous studies have shown that
efficient activation by homeodomain proteins requires a mini-
mal number of recognition sites (19, 30, 38, 43), reflecting their
intrinsically weak properties. Thus, nonconsensus sites found
in natural enhancers, depending on their architectures (e.g.,
number and type of sites), are expected to either merely mod-
ulate transcription levels or act as specificity-defining elements.

Because of their critical role in mediating Bcd function, it is
important to understand how nonconsensus sites are recog-
nized by the Bcd homeodomain. Our chemical-footprint ex-
periments with the consensus site A1 and the nonconsensus
site X1 suggest that the Bcd homeodomain can establish dif-
ferent sets of contacts with different recognition sequences
(13). Our experiments further suggest that Arg 54 of the Bcd
homeodomain makes a base-specific contact with the fourth-
position guanine (underlined) unique to X1 (TAAGCT). In
the Ftz(Q50K) homeodomain, the 54th position contains me-
thionine. However, an arginine residue artificially introduced
in the 54th position of Ftz(Q50K) fails to confer an X1 recog-
nition ability on the protein (13). We suggest that both the
homeodomain framework and specific residues play important
roles in nonconsensus-site recognition. In this context, it is
interesting to note that complexes containing Ftz(Q50K) and
Bcd homeodomains exhibit slightly different mobilities in elec-
trophoresis (Fig. 5A). The analysis of several other natural K50
homeodomains further reveals that the ability to recognize all
tested nonconsensus sites is unique to the Bcd homeodomain
(13). We propose that the nonconsensus site recognition func-
tion of the Bcd homeodomain is a noncoincidental property
that defines a unique biological specificity for Bcd.

Our present study also further underscores the importance
of protein-protein interaction between Bcd molecules in nat-
ural-target selection. Such a protein interaction function,
which is conferred by Bcd sequences outside its homeodomain
(Fig. 3A to D), is responsible primarily for its cooperative
DNA binding activity (63) (Fig. 3E). Interestingly, the hb and
kni enhancer elements exhibit different requirements for the
protein interaction function. In particular, Ftz-BcdHD, which
contains the Bcd homeodomain in the framework of Ftz, can
efficiently activate transcription from the hb enhancer element
(Fig. 2B, lane 11) while it is virtually inactive on the kni en-

FIG. 7. The strong activation domain VP16 fails to restore activity to inactive
proteins. Shown are activities of LexA (A) and VP16 (B) fusion proteins on
hb-lacZ and kni-lacZ reporters in yeast cells. The activity of LexA-Bcd and
Bcd-VP16 was assigned a value of 100 for each reporter (see the legends to Fig.
6 and 8 for b-galactosidase units). A comparison of panels A and B reveals that
VP16 fails to change the relative activities of other proteins, indicating that VP16
cannot restore activity to these proteins. The results further suggest that our
proteins are defective in recognizing the natural enhancer elements, as opposed
to lacking a functional activation domain.
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hancer element (lane 12). We propose that a residual cooper-
ativity function conferred by the Bcd homeodomain (Fig. 3F)
(8), while insufficient on the kni enhancer element, contributes
to the chimeric protein’s ability to recognize the hb enhancer
element. We note that the hb and kni enhancer elements have
architectural differences in both Bcd site composition and
alignments. The hb enhancer element contains three dispersed
perfect TAATCC consensus sites, in addition to at least three
centrally located, tightly linked nonconsensus sites (Fig. 6A).
In contrast, the kni enhancer element contains symmetrically
arranged and tightly linked sites that do not match the TAA
TCC consensus (Fig. 6A). Exactly how these architectural fea-
tures determine the different requirements for Bcd functions
remains to be determined.

Our results suggest that both the cooperativity and noncon-

sensus site recognition functions of Bcd contribute combina-
torially to target selection. Interestingly, the degree of reliance
on these two functions can be influenced not only by enhancer
architecture (see above) but also by the host factor(s). In par-
ticular, Bcd-Ftz(Q50K)HD-VP16 can activate transcription
from the kni enhancer elements in Schneider cells but not in
yeast (Fig. 8B, lanes 7 to 9). This difference is unlikely to be
due to the reporter gene status, because this protein fails to
activate the kni-lacZ reporter gene in yeast regardless of
whether it is integrated or carried on a replicating plasmid
(Fig. 8B, lanes 7 and 9). It is possible that a factor(s) present in
Schneider cells but absent from yeast can influence the activity
of this derivative on the kni enhancer element (but not on the
hb enhancer element). Although a cofactor for Bcd has also
been proposed previously (27), its identity remains elusive;

FIG. 8. Comparison of four VP16 fusion activators in three different assay systems. Shown are activities of various VP16 fusion activators on three different
reporters: integrated lacZ reporters in yeast cells, CAT reporters in Schneider cells, and lacZ reporters carried on replicating 2mm plasmids in yeast cells. For each class
of reporters, four different enhancer elements were tested: the natural hb and kni enhancer elements and their modified derivatives. The comparison shows a general
good agreement of the activator behaviors in different assays; see the text for discussions of major exceptions. The activity of Bcd-VP16 for each reporter was assigned
a value of 100. b-Galactosidase units for this activator in yeast assays were 278, 65, 380, and 243 on integrated hb-lacZ, kni-lacZ, hb(6A)-lacZ, and kni(6A)-lacZ
reporters, respectively; on the replicating reporters, they were 361, 127, 578, and 370.
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interestingly, a recent study suggests that Bcd activity can be
potentiated modestly by a Drosophila protein called Chip (50).
Our systematic comparison of different assay systems also re-
veals that, in many instances, dependence on Bcd functions is
reduced on reporter genes carried on plasmids, presumably
because they are more accessible to activators than are inte-
grated reporters. For example, Ftz-BcdHD-VP16 shows a
higher relative activity on plasmid reporters containing the hb,
kni, and kni(6A) enhancer elements than on integrated report-
ers (Fig. 8A, B, and D; compare lanes 10 and 12). Similarly,
Bcd-Ftz(Q50K)HD-VP16 has a higher relative activity on
hb(6A)-lacZ and kni(6A)-lacZ plasmid reporters than on the
integrated reporters (Fig. 8C and D; compare lanes 7 and 9).
Together, these results illustrate a fluid nature of the require-
ments for Bcd functions in target selection, a process reflective
of an efficient interaction between the activator and specific
enhancers in physiological environments.

Extensive studies of Q50 homeodomain proteins have pro-
duced two contrasting models to explain how their biological
specificities are achieved (6). Both models center on the exis-
tence of cofactors, but the roles of these cofactors differ. The
first model, referred to as the coselector model, suggests that
cofactors selectively interact with different homeodomain pro-
teins to enhance their DNA binding specificities. The second
model, referred to as the widespread-binding model, proposes
that, although most Q50 homeodomain proteins recognize
similar or identical targets in vivo, cofactors can modulate the
regulatory activities of these DNA-bound proteins. The latter
model is supported by in vivo cross-linking experiments (9, 57,
58) and a recent finding that a Ubx derivative with a strong
activation function gains a novel biological specificity (31).
Although our present studies focus on the K50 homeodomain
protein Bcd, nonconsensus site recognition most likely also
plays an important role, to various extents, in target selection
by all homeodomain proteins.
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