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FIG. 6. Intersite distance is critical for Bicoid-dependent gene
activation in embryos. lacZ expression was detected by in situ hybrid-
ization with an antisense RNA probe. Embryos were from wild-type
(bcd') females that contained reporter genes with multiple Bicoid
binding sites arranged in one of three different ways (see Materials and
Methods). Closely spaced (top panel), six copies of the Bicoid site
(TCTAATCCC) spaced with a center-to-center distance of 11 bp.
Widely spaced (middle panel), four copies of the Bicoid site spaced
with a center-to-center distance of 25 bp. Widely spaced sites, scram-
bled spacer (bottom panel), are identical to the widely spaced con-

struct except that each base pair flanking the Bicoid sites was changed,
but the distance between sites was maintained. The widely spaced sites
are similar to the A3 site of the hunchback promoter (14). The faint
anterior and posterior stripes in embryos containing closely spaced
sites are not Bicoid specific; equivalent constructs carrying Antp-class
sites give identical patterns (not shown).
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FIG. 7. The distance between binding sites required for Bicoid to
activate transcription is different in D. melanogaster and S. cerevisiae.
The schematic represents reporter genes that carry multiple Bicoid
binding sites with a center-to-center distance of 11 or 25 bp; this
arrangement places adjacent sites on (approximately) the same or
opposite sites of the DNA helix, respectively. In the figure, binding
sites are represented by darkened segments. Only half of each site is
visible, the remainder being on the back side of the DNA helix. Results
are summarized from experiments with D. melanogaster (Fig. 2, 3, and
5, and data not shown) and S. cerevisiae (Table 2).

shown in Table 2, the critical distance is different from that in
D. melanogaster. In S. cerevisiae, the widely spaced site report-
ers are activated only weakly, if at all, whereas the closely
spaced site reporters are activated strongly. This difference
between Bicoid activation in the two organisms (summarized
in Fig. 7) may reflect the need for species-specific ancillary
proteins to help Bicoid cooperatively activate gene expression
(see Discussion).

DISCUSSION

Amino acid 9 of the Bicoid recognition helix contacts bp 7.
The X-ray structure of an Engrailed homeodomain-DNA
cocrystal shows a direct interaction between recognition helix
residue 9 (Gln-50) and the thymine methyl group of A T at
position 8 (TGTAATTAC [39]). Our data, however, suggest
that this contact is not critical for Bicoid-DNA recognition in

TABLE 2. Sequence and intersite distance requirements for Bicoid to activate transcription in D. melanogaster and S. cerevisiae

Binding site and intersite D. melanogasterb S. cerevisiae'
spacinga Bicoid Bicoid-Qg Bicoid-A9 Bicoid Bicoid-Q9 Bicoid-A9

Bicoid (TCTAATCCC)
A, close - - 161 <0.1 <0.1
B, wide ++++ ND ND 39 <0.1 <0.1
C, wide ++++ ND ND 23 <0.1 <0.1

Antp 1 (TCTAATTGA)
A, close - - - <0.1 97 <0.1
B, wide - ++ - <0.1 <0.1 <0.1

Antp 2 (TCTAAYTAG)
A, close - - - <0.1 141 117
B, wide - +++ +++ <0.1 <0.1 <0.1

aA, [A(site)T]6; B, [CTGCCCA(site)TTGACGCTG]4; C, [AGTAAAC(site)GGTCATAGT]4.
b Drosophila results are based on in situ staining for ,B-galactosidase protein or lacZ mRNA in embryos (Fig. 2, 3, and 4; also data not shown). + and - values were

assigned on an arbitrary scale as estimated by anterior staining intensity of blastoderm-stage embryos. ND, not determined.
c Yeast results are given in units of ,B-galactosidase activity assayed as previously described (27). Yeast cells were cotransformed with plasmids that encoded Bicoid

derivatives and plasmids containing the indicated binding sites positioned upstream of a GALI-lacZ reporter gene.
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Drosophila embryos; Bicoid-Q9 recognizes both the Antp 1 site
(TCTAATTGA) and the Antp 2 site (TCTAATTAG) despite
the fact that the former does not contain a thymine methyl
group at position 8. Instead, the Drosophila results are consis-
tent with a model in which Bicoid distinguishes among related
homeodomain binding sites by a specific contact between
recognition helix residue 9 and bp 7 (28). This model is based
on recognition of a series of mutant sites by Bicoid and
Bicoid-Qg in S. cerevisiae; any changes at position 7 abolished
recognition, whereas changes at position 8 (and 9) were
tolerated. We note, however, that a single-base-pair change at
position 7 is not sufficient to completely switch site recognition
by a homeodomain protein (28, 58); rather, the identity of bp
8 (and 9) influences the ability of Bicoid to discriminate base
pairs at position 7 (28).

In the present study, three base pairs are changed in the
Bicoid site to create Antp 1 and Antp 2, but only the C--T
change at position 7 is common to both sites; Antp 1 and Antp
2 differ at positions 8 and 9, yet both are recognized. There-
fore, any base-specific contact by Gln-50 of Bicoid-Qg must be
to position 7. A contact to bp 7 (by our numbering system) is
also seen in an X-ray crystal structure of the yeast homeodo-
main protein a2 complexed with DNA (80). In this case,
residue 50 is serine, and the interaction occurs over a relatively
long distance (0.39 nm). An NMR model of the Antennapedia
homeodomain-DNA complex indicates that Gln-50 contacts
both bp 7 and bp 8 (54), perhaps via water-mediated hydrogen
bonds (81).
A possible explanation for the difference between our results

and those of Kissinger et al. (39) and Otting et al. (54) is that
conditions used for X-ray crystallography and NMR, such as
the extremely high protein and DNA concentrations (10-3 to
10 - 4 M), might stabilize interactions that do not occur in vivo.
In the X-ray structure of Engrailed (39), it is also possible that
forces generated by packing of protein and DNA into a
cocrystal alter the nucleotide contacted by Gln-50.
Another explanation for these differences is that each study

used a different binding site. The site used for NMR contained
GGC at bp 7, 8, and 9 (TCTAATGGC). Although this site is
bound with high affinity by the isolated Antennapedia home-
odomain in vitro (2), it is not recognized in S. cerevisiae by
either Bicoid-Qg or the fuishi tarazu homeodomain protein (28,
29), suggesting that contacts to the GC base pairs described in
the NMR model are not preferred by Gln-50 in vivo. The site
used in the X-ray structure is similar to our Antp 2 site but
differs at positions 2 and 9 (TGTAATTAC). While it is
conceivable that nucleotide differences at these positions might
change the Gln-50 contact from bp 7 to bp 8 by altering local
DNA structure, we do not favor this hypothesis. Such se-
quence-specific alterations are rare (57), and the X-ray struc-
ture of Kissinger et al. (39) does not show distortions in the
B-form DNA consistent with such a mechanism.
A final explanation for the difference between our results

and those of the structural studies is that different homeodo-
mains were used. Amino acids that are not conserved among
the homeodomains of Bicoid, Engrailed, and Antennapedia
might affect the positioning of Gln-50 within the major groove.
For example, residue 54, which differs among the three pro-
teins (Arg, Ala, and Met, respectively), protrudes into the
major groove in proximity to residue 50 (54, 80) and may affect
its position. Our results with S. cerevisiae clearly demonstrated
that for wild-type Bicoid, the side chain of Lys-50 is positioned
so that it can tolerate only C - G at position 7 and that of
Gln-50 in Bicoid-Qg can tolerate only T * A at position 7 (28).
The side chain of Gln-50 in Engrailed and Antennapedia (and
other homeodomains that normally contain Gln at this posi-

tion) might be less constrained and thus occupy a greater range
of alternative conformations that allow it to contact different
nucleotides at position 7 and perhaps 8. In support of this idea,
Florence et al. (18) and Ekker et al. (16) examined the in vitro
DNA-binding specificity of Fushi Tarazu, Ultrabithorax, and
Deformed homeodomain proteins (all contain Gln at position
50). Each protein recognized sites with either T - A at position
7 (as in our Antp sites and as in reference 39) or G * C at
position 7 (as in reference 54) with affinities that differed by
less than a factor of 2. In the case of Ultrabithorax and
Deformed, these conclusions were supported by in vivo assays
with S. cerevisiae (16).

Bicoid-Ag reveals a new homeodomain-DNA interaction.
Specific recognition of the Antp 2 site by Bicoid-Ag is unex-
pected, because alanine at position 9 in its recognition helix
(Ala-50) cannot form hydrogen bonds to base pairs in DNA.
Instead Ala-50 might make a hydrophobic contact with the
methyl group of thymine of A T at bp 8 in the Antp 2 site
(TCTAATTAG), similar to a contact identified in an altered-
specificity 434 repressor mutant (77). Experiments with S.
cerevisiae that examined site recognition by Bicoid-Ag have not
provided support for this idea (29).
Another possibility is that replacement of a bulky amino acid

with alanine removes sterically unfavorable interactions, thus
relaxing the protein's strict site specificity. We find, however,
that Bicoid-Ag is not relaxed in its specificity; it does not
recognize Bicoid or Antp 1 sites in D. melanogaster or S.
cerevisiae (Fig. 4; Table 2) or nine closely related binding sites
in S. cerevisiae (29).

Finally, it is possible that specific recognition is the com-
bined result of the lack of steric hindrance by Ala-50 and the
twofold rotational symmetry of Antp 2 over bp 2 to 9 (TCTA-
ATTAG). In this model, Bicoid-Ag monomers could bind Antp
2 in either of two orientations, resulting in a twofold increase
in the affinity of each monomer for its site. Cooperative
interactions between adjacent Bicoid-Ag monomers might
amplify this effect, resulting in a binding affinity significantly
higher than that for nonspecific DNA. Such a model would not
require a specific DNA contact by Ala-50. Whatever model
pertains, determining the nature of Bicoid-Ag DNA recogni-
tion will be useful in understanding site specificity by home-
odomain proteins that normally contain Ala at position 9 in
their recognition helices (51).

Bicoid's DNA site specificity is necessary for anterior pat-
tern formation. Bicoid is modular; its DNA binding and gene
activation functions are separable. Driever et al. (10) demon-
strated that its activation function is necessary for it to direct
pattern formation in vivo. Our results now formally demon-
strate that Bicoid's DNA recognition function is also necessary
for it to direct pattern formation in vivo. While capable of
activating anterior-specific transcription of appropriate re-
porter genes at the proper time during development (blasto-
derm stage), altered-specificity Bicoid proteins cannot rescue
anterior pattern defects in bed - embryos. In addition, neither
bcd-Qg nor bed-Ag produces the normal bcd+ dose-dependent
posterior shift of the cephalic furrow or eve stripes. Indeed,
some bcd-Qg lines exhibit a dose-dependent shift of the
cephalic furrow and eve stripes towards the anterior, mimicking
the effect of reduced bed activity.
As with other studies that make use of allele-specific sup-

pression to suggest direct contacts between macromolecules
(31), our results with altered-specificity Bicoid proteins and
reporter genes with the cognate binding sites strongly suggest
that Bicoid works by binding directly to the promoter regions
of genes whose transcription it regulates, rather than by
regulating the transcription of an intermediary protein(s). A
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similar approach was used by Schier and Gehring (63) to
suggest that fushi tarazu protein interacts directly with its
upstream autoregulatory element.
Although Bicoid is sufficient to direct anterior-specific tran-

scription, the posterior boundary of expression of our reporters
is often more diffuse than that of endogenous Bicoid targets.
This fact suggests that other proteins may contribute to
establishment of the posterior border in normal embryos. Such
proteins could be expressed throughout the embryo or could
be regionalized, as is the hb protein, which appears to collab-
orate with bcd in stimulating transcription of Kr (35), even-
skipped stripe 2 (66), and possibly hb itself (8).

Ancillary proteins may mediate cooperative gene activation
by Bicoid in D. melanogaster. Bicoid is a weak activator and
requires multiple binding sites to activate gene expression. This
activation is cooperative; in yeast cells, tissue culture cells, and
Drosophila embryos, we and others have observed a more than
additive increase in transcription from reporter genes that
carry increasing numbers of Bicoid sites (13, 27, 29, 70). In
principle, this cooperativity could be due to interactions be-
tween Bicoid monomers that facilitate high-affinity DNA bind-
ing or to cooperative interactions of DNA-bound monomers
with proteins of the general transcription machinery (i.e.,
synergy [4]). At least some component of cooperative gene
activation by Bicoid is due to DNA-binding cooperativity (29).
This idea is consistent with the observation that Bicoid-Qg
antagonizes Bicoid activity in embryos, perhaps by the forma-
tion of mixed oligomers that bind Bicoid sites with reduced
affinities.
Gene activation by Bicoid exhibits an unexpected constraint.

We find that the distance between binding sites is critical for
Bicoid-dependent activation but that this critical distance
differs in D. melanogaster and S. cerevisiae (summarized in Fig.
7). In D. melanogaster, Bicoid activates reporter genes in which
sites are widely spaced (25 bp, center to center), consistent
with the fact that Bicoid sites in upstream regions of known or
suspected Bicoid-regulated Drosophila genes are typically sep-
arated by relatively large distances (20 to 150 bp) (13, 33, 66).
The wide spacing in our reporters places adjacent sites on
opposite sides of the DNA helix about two and a half turns
apart. In S. cerevisiae, Bicoid activates reporter genes in which
sites are closely spaced (11 bp, center to center); this places
adjacent sites on the same side of the DNA helix about one
turn apart. In prokaryotic model systems, side-of-helix-specific
presentation of binding sites has been shown to be important
for cooperative interactions between DNA-bound proteins
(15, 34). Our results suggest a species-specific side-of-helix
dependence in eukaryotes that has not been previously ob-
served.
How can one protein (Bicoid) prefer different site spacings

in different organisms? For a possible explanation, we look to
the yeast homeodomain protein a2 (the MATa2 product). a2
forms a complex with the MCM1 protein that promotes
cooperative DNA binding by the a2 dimer to its operator (38).
Interestingly, MCM1 imposes a site spacing requirement on a2
so that the MCM1-ot2 complex only recognizes half-sites
spaced two and a half turns apart (67). ct2 also forms a complex
with the yeast al protein. The al-a2 complex binds to opera-
tors of similar sequence but with half-sites spaced only 1.3
turns apart (25). Like ao2, we suggest that Bicoid might require
interaction with other proteins in order to cooperatively bind
DNA. These ancillary proteins may act differently on Bicoid in
D. melanogaster and S. cerevisiae such that they impose differ-
ent site spacing requirements.

It is also possible that ancillary proteins might affect Bicoid's
activation function rather than its DNA binding, similar to the

effect that interaction of the herpes simplex virus protein VP16
has on activation by the Octl homeoprotein (41, 47, 60, 69).
Ancillary proteins might facilitate cooperative interaction of
Bicoid with the transcription machinery if and only if Bicoid
monomers are positioned (spaced) appropriately on the DNA.
We do not know what these ancillary proteins might be.

Perhaps they are proteins that interact specifically with Bicoid.
Or, they may be general factors that affect many transcription
activators, for example, chromatin components or global pos-
itive regulators such as those encoded by the yeast SWI/SNF
genes (45, 59, 82; reviewed in reference 79) and the Drosophila
tithorax gene (36). In S. cerevisiae, activation by Bicoid re-
quires the SWI2ISNF2 product (44), and it is possible that its
Drosophila homolog, the product of brahma (71), is required
for Bicoid activation in D. melanogaster. These proteins might
impose different site spacing requirements in each organism.
We hope to identify genes encoding the putative ancillary

proteins by using interaction trap assays (26) or by direct
selection for Drosophila proteins that help Bicoid activate the
widely spaced reporters in S. cerevisiae. Isolation of such
proteins will help us understand how Bicoid works as a
concentration-dependent activator of genes involved in early
pattern formation and may illuminate mechanisms by which
other important developmental regulators cooperate to gener-
ate region- and tissue-specific gene transcription.
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