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Cooperativity in binding of regulatory proteins to multiple DNA sites can heighten the sensitivity and
specificity of the transcriptional response. We report here the cooperative DNA-binding properties of a
developmentally active regulatory protein encoded by the Drosophila homeotic gene Ultrabithorax (Ubx). We
show that naturally occurring binding sites for the Ubx-encoded protein contain clusters of multiple individual
binding site sequences. Such sites can form complexes containing a dozen or more Ubx-encoded protein
molecules, with simultaneous cooperative interactions between adjacent and distant DNA sites. The distant
mode of interaction involves a DNA looping mechanism; both modes appear to enhance transcriptional
activation in a simple yeast assay system. We found that cooperative binding is dependent on sequences outside
the homeodomain, and we have identified regions predicted to form coiled coils carboxy terminal to the
homeodomains of the Ubx-encoded protein and several other homeotic proteins. On the basis of our findings,
we propose a multisite integrative model of homeotic protein action in which functional regulatory elements can
be built from a few high-affinity sites, from many lower-affinity sites, or from sites ofsome intermediate number
and affinity. An important corollary of this model is that even small differences in binding of homeotic proteins
to individual sites could be summed to yield large overall differences in binding to multiple sites. This model
is consistent with reports that homeodomain protein targets contain multiple individual binding site sequences
distributed throughout sizable DNA regions. Also consistent is a recent report that sequences carboxy terminal
to the Ubx homeodomain can contribute to segmental specificity.

Cooperative DNA binding is a common property among
proteins that function in the control of transcription. In
prokaryotes, where such proteins have been best studied,
binding typically involves a limited number of discrete DNA
sites, and cooperativity ensues from the favorable energies
of protein-protein interaction. In some cases, such interac-
tions are sufficiently strong to mediate protein association in
the absence of DNA (e.g., dimerization and tetramerization
of the lac repressor; see reference 67), whereas in other
cases, oligomerization depends on the presence of appropri-
ately arranged DNA-binding sites (e.g., dimerization of the
LexA repressor; see reference 42).

Cooperativity in eukaryotes is suggested by the greater-
than-additive increase in transcriptional response as regula-
tor-binding sites are added to a target promoter. Such a
supralinear increase can involve activator proteins of the
same type or of different types; current evidence suggests
that some or all of the apparent cooperativity between
distinct proteins may result from the ability of the basic
transcription machinery to interact simultaneously with mul-
tiple activators (49, 50, 82; reviewed in reference 76). In
addition, several eukaryotic regulatory proteins are intrinsi-
cally capable of cooperative binding to multiple DNA sites
as homo- or heteromultimers in the absence of the basic
transcription machinery (see, for example, references 80, 91,
and 96).
Whether intrinsic or extrinsic, cooperativity augments the

overall affinity of a particular regulatory protein for DNA.
Cooperativity also tightens the protein concentration range
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within which a group ofDNA sites makes the transition from
the unoccupied to the occupied state. Multiple binding sites
thus could equip a promoter for function as a biological
switch with sensitivity to small changes in concentration of a
particular regulatory protein, while sites for multiple distinct
regulators might produce a flexible yet decisive response to
multiple proteins (for more extensive discussions of cooper-
ative binding, see reference 62 and references therein).

Cooperative binding is particularly attractive as the mech-
anistic basis for some of the regulatory phenomena observed
in developmental regulation. In Drosophila embryogenesis,
for example, establishment and refinement of spatial infor-
mation result largely from interactions between transcription
factors encoded in successive tiers of a genetic hierarchy
(81). At several levels in this hierarchy, spatial information
residing in smooth concentration gradients of regulators is
interpreted to yield discrete spatial boundaries in expression
of target genes. A well-known case is activation of the gap
gene, hunchback, at a particular position along the anterior-
posterior axis in a threshhold-dependent response to the
concentration gradient of a regulatory protein encoded by
bicoid. Appropriate activation at the hunchback promoter
requires multiple DNA-binding sites for the bicoid-encoded
protein (reviewed in reference 81), consistent with a coop-
erative binding mechanism. Multiple binding sites occur near
the promoters of genes at many other levels in the early
hierarchy and appear to be required for appropriate regula-
tion (for examples, see reviews in references 60 and 79). In
most cases, however, cooperative binding of regulators to
these multiple sites has not been directly demonstrated. We
report here the cooperative binding properties of a protein
that functions within the early regulatory hierarchy; this
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regulatory protein is encoded by Ultrabithorax (Ubx), one of
the eight homeotic genes that function to specify segmental
differentiation pathways.
Ubx operates within the segmented framework established

in the embryo by the segmentation genes; its function is to
specify the distinguishing features of parasegments 5 and 6,
which together constitute a contiguous region including the
posterior thorax and a portion of the first abdominal segment
(reviewed in references S and 19). The Ubx transcription unit
produces a family of closely related nuclear proteins (6, 44,
58) which function in the control of transcription (38, 46, 69,
88). Each Ubx protein family member contains the home-
odomain (reviewed in reference 75), a 61-amino-acid se-
quence that is present in all other homeotic proteins and in
the protein products of some genes at other levels of the
early regulatory hierarchy (the bicoid protein, for example,
is a homeodomain protein). The proteins encoded by ho-
meotic genes are believed to implement specific morphoge-
netic pathways by direct transcriptional regulation of down-
stream target genes.
We report here a series of biochemical studies of Ubx

protein binding which demonstrate that naturally occurring
binding sites for the Ubx protein contain multiple individual
recognition sequences. We found, through binding studies to
variants of these sites, that Ubx protein complexes are
progressively stabilized by increasing numbers of individual
recognition sequences. This cooperative stabilization ex-
tends to sites separated by as much as 200 bp, by a
mechanism involving DNA looping. We further found that
distant and nearby sites are capable of mediating synergistic
activation of transcription by the Ubx protein in Saccharo-
myces cerevisiae. These binding properties provide a phys-
ical basis for understanding several recently published ge-
netic studies indicating that, in Drosophila melanogaster,
homeodomain protein target sites contain multiple individual
sites dispersed throughout extensive DNA regions (see
Discussion). We also found that cooperative binding of the
Ubx protein to multiple DNA sites requires amino acid
sequences outside the homeodomain, consistent with recent
studies showing that such sequences contribute to the seg-
mental specificity of embryonic function (14).

MATERIALS AND METHODS

Protein purification. UbxHD, a 72-amino-acid residue pep-
tide containing the ULx homeodomain, was expressed in
Escherichia coli and purified as previously described (20).
For full-length UBX lb, a Ubx isoform containing all three of
the optional elements, the simplicity and yield of the previ-
ously reported purification (7) were improved significantly
by replacement of four conventional chromatography steps
with sequence-specific DNA chromatography (40, 66) and
Ni2+ interaction chromatography (61). Since the home-
odomain is located at the carboxy terminus of the full-length
Ubx protein and the amino terminus contains a relatively
large number of histidine residues that appear to interact
with Ni2+, this combination of steps also provided effective
separation of full-length protein from numerous abundant
partially degraded forms. The improved protocol follows.
UBX Ib was expressed in E. coli with growth, induction,

and lysis of the cells essentially as previously described (7),
except that the lysis buffer was supplemented with 2 ,ug of
pepstatin A (Sigma) per ml. Beginning with -100 g of cells
(from a 20-liter culture) and following removal of DNA by
precipitation with polyethyleneimine (also described previ-
ously), -450 ml of extract was obtained at a protein concen-

tration of -15 mg/ml. These and all subsequent steps were
carried out at 4°C. Ammonium sulfate was added to -25%
saturation (13.4 g/100 ml of lysate). The pellet was washed
with buffer Y (final concentrations of 0.2 M NaCl, 50 mM
Tris-HCl, pH 7.4 [measured at 22°C], 1 mM EDTA, 1 mM
dithiothreitol, and 5% glycerol) that also contained 2 pg of
pepstatin A per ml, 0.25 mM phenylmethylsulfonyl fluoride,
and ammonium sulfate to 17.5% saturation (from a solution
saturated at 4°C). The remaining pellet was retained and
solubilized in a minimum volume by repeated extraction
with small aliquots of buffer Y containing pepstatin A and
phenylmethylsulfonyl fluoride until the protein concentra-
tion in the extracts began to fall. The solubilized material
was pooled and passed through a column (1 by 12 cm; 10 ml)
of single-stranded DNA-Sepharose (see below) to remove
the E. coli single-stranded DNA-binding protein present in
the extract. This column contained 580 pg of sonicated,
denatured Bluescript plasmid DNA per ml of gel; it was
washed in 0.1 N NaOH prior to equilibration with buffer Y.
Protein not retarded by the first column was applied to a
second DNA column (1 by 10 cm; -8 ml) pre-equilibrated in
buffer Y; this column contained 2 mg of the annealed
oligonucleotides 5'-AGACG(CCA1TA)6-3' and 5'-(TAATG
G)6-3' per ml of gel. Both the single-stranded and the tailed
double-stranded DNA matrices were made by conjugating
DNA to cyanogen bromide-activated Sepharose 4B (Phar-
macia; see reference 95).

Following a wash in 16 ml of buffer Y, the second DNA
column was developed with an 80-ml gradient from 0.3 to
0.75 M NaCl; a peak centered at -0.53 M contained almost
exclusively UBX Ib and its breakdown products. This ma-
terial was pooled and dialyzed rapidly against IMAC buffer
(0.8 M NaCl, 25 mM NaPO4 [pH 7.5], 5% glycerol). The
protein was then applied to a column (1.5 by 10 cm; -18 ml)
of Ni2+-charged metal-chelating Sepharose FF (Pharmacia)
that had been equilibrated with IMAC buffer. The column
was underlaid with a 4-ml bed of uncharged resin to trap any
released Ni2+. After washing with 22 ml of IMAC buffer, a
140 ml gradient from 0 to 250 mM imidazole hydrochloride
(pH 7.5) in IMAC buffer was applied to the column, with
predominantly full-length protein eluting between 110 and
140 mM imidazole. These fractions were pooled and dia-
lyzed against IMAC buffer to remove imidazole, and the
chromatography was repeated in a scaled-down form with a
smaller column (1 by 12 cm; 10 ml). The final pool was
dialyzed against IMAC buffer containing 0.5 mM EDTA and
1 mM dithiothreitol, aliquotted, and stored at -80°C (final
protein concentration, 140 pg/ml or 3.3 ,M). Full-length
UBX lb accounted for more than 90% of the protein in the
final pool, and the total yield was -2 mg of protein. UBX lb
protein was monitored throughout purification by Coomassie
staining of denaturing gels (47) and by Western blotting
(immunoblotting) (11) with monoclonal antibody FP3.38
(93).

Oligonucleotides and DNA fragments for binding assays.
For Fig. 1A, oligonucleotides were synthesized and an-
nealed to yield duplex DNA with the sequence 5'-TTAI
IATCCACAITATCAGCGGCAIIATTGTTATTATT-3'
(the underlined sequences are numbered 1 to 4 from left to
right) with EcoRI (5'-AATT-3') and NotI (5'-GGCC-3')
sticky ends at the 5' ends of the top and bottom strands,
respectively. The duplex region corresponds to the U-A
binding site from +47 to +85 with respect to the Ubx
transcription start site (7). For sub 1,4 and sub 1,3,4 (Fig. 1B
and 1C, respectively), oligonucleotides were synthesized
with the indicated ATTA core sequences replaced by 5'-
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CGGC-3'. These annealed oligonucleotides were gel puri-
fied, 5' end labelled with [y-32P]ATP, end filled with unla-
belled nucleotides, and further purified with a NICK column
(Pharmacia). For Fig. 1D, a 108-bp genomic DNA fragment
containing U-B and extending from +222 to +329 with
respect to the start site of Ubx transcription was obtained by
gel purification from a DdeI-StyI digestion of pPB260 (see
below). This fragment was further purified with a NACS
column (Bethesda Research Laboratories), 5' end labelled
with [y-3 P]ATP, end ifiled with unlabelled nucleotides, and
purified again with a NICK column.
For the experiments of Fig. 2, the synthetic U-A site and

its variants (see above) were inserted into EcoRI-NotI-
digested Bluescript KS Minus (pBS; from Stratagene). Frag-
ments containing U-A and its variants (125 bp) were ob-
tained from this series of plasmids by digestion with
EcoO109I and Hinfl and labelled by filling the EcoO109I
ends with [a-32P]dCTP and dGTP.
The experiments in Fig. 3A utilized fragments from a pBS

derivative (pBND) designed to test for DNA bending. pBND
contains the 352-bp ClaI-BamHI fragment of pBR322 in-
serted in the BamHI-ClaI sites of pBS (CBI) and a second
copy of this pBR322 fragment (CB2) inserted in the same
orientation as CB1 into the KpnI site of pBS via attachment
of 8-bp KjpnI linkers to the filled ends of the fragment. The
365-bp fragment utilized for the left half of Fig. 3A extended
from the EcoRV site (labelled by replacement synthesis with
T4 polymerase) in CB2 to the CfrlOI site in CB1. The
fortuitously occurring weak site in Fig. 3A derived from one
end of CB1. A derivative of pBND carrying a Ubx genomic
fragment inserted at the HincII site between CB1 and CB2
was the source for the 324-bp fragment in the right half of
Fig. 3A. The genomic insert was the end-filled HindIII-MluI
fragment from pPB260 (see below; -46 to + 119 with respect
to the start of transcription) and contains the U-A-binding
site. The fragment for the right half of Fig. 3A extended from
an XhoI site between CB2 and the genomic fragment (la-
belled by replacement synthesis with T4 polymerase) to the
CfrlOI site in CB1; the fragment thus contained primarily the
U-A genomic region near the labelled end and the same
portion of CB1 as in the left half of Fig. 3A but none of CB2.
The experiments in Fig. 3B and Fig. 4A, B, and D utilized

a HindIII-EcoRI insert present in pBS derivative pPB260.
This insert, kindly supplied by M. Biggin (10), extended from
a HindIlI site artificially introduced upstream of -44 to a
naturally occurring EcoRI site beginning at +357 (coordi-
nates are given with respect to the start site of Ubx tran-
scription in the genomic sequence; see reference 44). Other
derivatives of this insert (Fig. 3B; see Fig. 6B) were made by
replacing the U-A and U-B regions (+46 to +88 and +224 to
+310, respectively) with the sequences described by Biggin
and Tjian (10). One further derivative (Fig. 4C) was made by
replacing the spacer sequences between U-A and U-B (+120
to +221; removed by using the MluI and DdeI sites) with the
102-bp HaeIII fragment from pBS. For binding studies of
pPB260 and its derivatives, 3'-end labelling was accom-
plished by filling with a-32P-labeled deoxynucleoside
triphosphates at the upstream Hindlll site (Fig. 4B) or at the
downstream EcoRI site (Fig. 4A, C, and D) or by replace-
ment synthesis with T4 polymerase at the BamHI down-
stream flanking vector site (Fig. 3B). Constructs using
pPB260 and its derivatives for yeast transcriptional assays
are described below.

Binding assays and quantitative analysis. Equilibrium elec-
trophoretic mobility shift assays in Fig. 1A to D were done
as previously described (21), with DNA fragments at con-

centrations of approximately 100, 50, 75, and 75 pM, respec-
tively. The basic DNase I footprinting protocol, as used for
UBX lb and UbxHD in Fig. 4, is given in reference 21; DNA
concentrations were approximately 6, 60, 3, and 3 pM in
panels A to D, respectively. Footprinting reactions for
dissociation rate measurements (Fig. 2 and 3) utilized this
basic protocol for binding of protein to end-labelled DNA
but with addition of specific unlabelled competitor DNA for
various periods of time prior to DNase I treatment (20). The
reaction mixtures contained 8 nM protein and 75 pM labelled
DNA for Fig. 2, 5 nM protein and 20 pM DNA for Fig. 3A,
and 10 nM protein and 8 pM DNA for Fig. 3B; reaction
mixtures in Fig. 3B also contained bovine serum albumin
(crystallized, fraction V; Sigma) at 20 ,ug/ml. The competitor
DNA (sequence in reference 20) contained a single nearly
optimal Ubx binding site and was added to a concentration of
50 nM (5- to 10-fold excess relative to protein) after incuba-
tion of protein with labelled DNA.
The electrophoretic mobility shift assay (Fig. 1B and E)

was quantified by excision of bands corresponding to free
and bound DNAs from dried gels and direct counting in
liquid scintillation cocktail. Autoradiograms from footprint-
ing gels were quantified with a Computing Densitometer
(Molecular Dynamics). After background subtraction to
remove optical density contributed by the film, the digitized
images were used to sum the total optical density corre-
sponding to individual bands or blocs of bands. For each
panel of Fig. 2, a single band within site 2 was quantified; a
single band located within the portion of the weak site
denoted by the filled rectangle was quantified for Fig. 3A.
The larger DNA fragment size and resulting poorer resolu-
tion in Fig. 3B and D required use of a bloc of bands located
in the mid-lower portion of the U-A site. Also, because the
extremely long incubation times in Fig. 3B and D were
consistently associated with a decrease in recoverable label,
normalization to account for the total number of counts per
track was as follows: intensities of the bloc of bands moni-
tored in U-A were divided by the intensities of a bloc of
bands located above U-A whose intensities were not affected
by protein. Normalization was not necessary to generate
linear plots for the other dissociation rate experiments.
The fraction of DNA bound (°t) was calculated from the

formula Ot = 1 - (IgIma), where I, is the band intensity at
time t and Im. is the band intensity in the absence of protein.
Dissociation rates (Kd) were determined from the plots in
Fig. 2D and 3C and D by using the formula ln(fraction of
DNA bound) = -Kdt (t = time), and half-lives were calcu-
lated from the formula t1,2 = -ln(O.5)IKd.

Electron microscopy. Complexes were prepared for elec-
tron microscopy by incubating 60 ng of UBX Ib and 50 ng of
a purified DNA fragment in 50 ,u of buffer M (50 mM NaCl,
10 mM KCI, 2 mM MgCl2, 0.1 mM disodium EDTA, 0.1 mM
dithiothreitol, 10 mM Tris-HCl, pH 7.4). These concentra-
tions of protein and, especially, DNA (-4 and -30 nM,
respectively) were somewhat higher than those used in the
binding assays, and this facilitated the scanning process used
to identify complexes on the grids. Following incubation for
10 min at 22°C, the binding reaction mixture was transferred
to ice and 6 pl of 1% glutaraldehyde (EM Sciences) was
added. Fixation continued on ice for 15 min and was
followed by transfer of 5-pul samples to polylysine-coated
thin carbon on a copper grid. After 2 min of adsorption,
excess sample was removed by the wicking action of filter
paper and the grid was washed with 2 drops of deionized
H20. Specimens were stained sequentially for 1 min each in
0.01% uranyl acetate and 0.01% uranyl formate. Excess

VOL. 13, 1993



6944 BEACHY ET AL.

stain was removed, and the specimens were rinsed with
deionized H20. The samples were air dried and photo-
graphed in a Philips 420 electron microscope with a super
twin lens operating in the dark-field mode at 40 kV.
Yeast transcriptional activation. The multimeric sites as-

sayed (see Fig. 6A) were prepared by ligating kinase-treated
and annealed oligonucleotides PB122 (5'-GAAGCCATTAA
3') and PB123 (5'-TCIJTAATGGCT-3') at a 20-fold molar
excess into the separately prepared arms of pBS extending
fromAlwNI to a partially filled BamHI site and from AlwNI
to a partially filled SalI site. Candidates for multimerized
binding sites were identified by polymerase chain reaction
and confirmed by sequence analysis. Fragments containing
no, one, and multiple tandemly repeated sites were excised
by using the flanking XbaI and XhoI sites from pBS and
inserted into target plasmid pSEAl' (20) digested with XbaI
and XhoI. The targets assayed (see Fig. 6B) were prepared
by transferring fragments excised with XbaI and XhoI from
the derivatives of pPB260 (described above) into pSEAl'.
Use of the XhoI site in pSEAl' for the adjacent-site series
and the distant-site series placed the insertion 174 bp up-
stream of the transcription start site. The transcriptional
response of the adjacent- and distant-site series to induction
of UBX Ib in S. cerevisiae was measured by assaying for
3-galactosidase activity as previously described (20).

RESULTS

Multiple recognition sequences within genomic binding
sites. Although some progress has been made in the identi-
fication of downstream candidates for regulation by ho-
meotic proteins (26, 28, 29, 35, 39, 64, 65, 77), only recently
have systematic studies on the number and arrangement of
binding sites required for this regulation begun. We therefore
began our characterization ofDNA binding by a Ubx protein
with U-A and U-B, the first two naturally occurring binding
sites to be biochemically identified (7) (see also Discussion).
These genomic sites and others located elsewhere are asso-
ciated with large DNase I footprints (often greater than 40
bp). The sequences at many of these naturally occurring
sites consist primarily of simple repeated elements such as
the triplet TAA or hexanucleotides such as TAATCG and
TAATGG (7, 21). The large size of these sites is not essential
for binding, since the sequence (TAA)4 is also bound (7) and
the optimal recognition sequence for the Ubx homeodomain
(5'-TTAATGGCC-3' [20]) is considerably smaller than the
footprints at these genomic sites. Because the most impor-
tant positions in the homeodomain optimal site correspond
to the TAAT core, it seemed likely that the genomic sites,
which contain multiple repeats of this motif, were compos-
ites of clustered individual sites; this finding, in turn, sug-
gested the possibility of cooperative binding.
To test these ideas, we began by defining the number of

individual recognition sequences in the U-A and U-B binding
sites. These two sites are associated, respectively, with 44-
and 87-bp DNase I protections and are centered at positions
+64 and +262 with respect to the Ubx transcription start site
(7). Inspection of the U-A sequence revealed the presence of
four TAAT motifs spaced at intervals of about 10 bp,
suggesting that U-A comprises four individual binding site
sequences. From our previous work with the Ubx home-
odomain, we expected all four of these sequences to be
bound, albeit at lower affinity than the optimal site. We used
the purified Ubx homeodomain (UbxHD) for these studies
because it displays a fundamental DNA sequence preference
nearly identical to that of the intact UBX lb protein (20) and

readily produces discrete complexes in electrophoretic mo-
bility shift assays, unlike intact protein (data not shown).
Indeed, electrophoretic mobility shift assays with a radiola-
belled DNA fragment containing the U-A site and increasing
concentrations of the purified Ubx homeodomain (21) dem-
onstrated that four types of complexes can be resolved,
corresponding to single, double, triple, and quadruple occu-
pancy of the four TAAT motifs present (Fig. 1A). As shown
in Fig. 1B, replacement of the two outer TAAT motifs with
GCCG sequences resulted in the formation of only two
distinct complexes, even at the highest protein concentra-
tions, while replacement of sites 1, 3, and 4 permitted
formation of only a single complex (Fig. 1C). This result
confirms that the number of resolvable complexes indeed
corresponds to the number of binding sites.
Within the U-B site, a central cluster of three overlapping

TAAT motifs is flanked by a pair of overlapping TAAT
motifs at a distance of about three helix turns upstream and
another pair of overlapping TAAT motifs two to three turns
downstream. In addition to these complete motifs, several
tetranucleotides in the regions between the overlapping
clusters differ by a single base from the TAAT sequence (see
reference 7 for the sequence of the U-B site). The complex-
ity of the sequence at U-B makes it difficult to anticipate the
number of binding sites, since immediately adjacent or
overlapping TAAT sequences cannot be bound simulta-
neously by two homeodomains (23, 43), and the relative
affinities of sites with incomplete TAAT cores are known for
only a few sequences (21, 23). Because the DNase I footprint
at U-B is about twice the size of the U-A footprint, twice the
number of sites might be expected if individual sites are
packed at the same density. Indeed, eight strong complexes
and a weaker ninth complex were observed with the U-B
fragment (Fig. 1D). It is unlikely that any of the observed
complexes at U-B are due to nonspecific binding, since the
altered U-A fragments in panels B and C formed only one or
two complexes under the same conditions, even though they
are identical in size to the fragment in panel A, which
accommodates four homeodomains. Other experiments with
DNA fragments containing various numbers and arrange-
ments of naturally occurring or synthetic binding sites indi-
cate that these conditions are permissive of complex forma-
tion only with individual sites expected to show some degree
of affinity above that for nonspecific DNA (data not shown).
We thus conclude that the naturally occurring U-A and U-B
sites contain four and eight or nine individual recognition
sequences, respectively, packed at a density corresponding
approximately to the number of helical turns within the
footprinted region.

Cooperative binding to adjacent sites. To assay for inter-
actions between proteins bound at adjacent sites, a DNase I
footprinting method was used to measure dissociation rates
for complexes between the intact Ubx protein and the
mutated derivatives of U-A described in the previous sec-
tion. Equilibrium measurements were unsuitable as a stan-
dard for comparison, since at protein concentrations low
enough to reveal a cooperative effect, significant activity loss
occurred during the time required for protein to reach
equilibrium with DNA fragments containing multiple sites
(data not shown; see also reference 96). Dissociation rate
measurements have the added advantage that neither protein
concentration nor actual binding activity is important pro-
vided sufficient protein is present to produce complete site
occupancy prior to addition of a competitor. The DNase I
footprinting method used in these experiments permitted
monitoring of a particular site or sites in a variety of distinct
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FIG. 1. Genomic DNA-binding sites for Ubx homeodomain occur in clusters. (A to D) Binding of the purified Ubx homeodomain (UbxHD)
was assayed by electrophoretic mobility shift of DNA fragments containing the U-A and U-B genomic binding sites (7). Four TAAT core

sequences present in the wild-type U-A sequence (A) are represented by shaded ovals and are located at center-to-center distances of 9, 12,
and 9 bp as indicated above panel A. The DNA fragments used for panels B and C were the same as those used for panel A, except that two
and three of these core TAAT sequences were replaced by the sequence GCCG. Note that the number of distinct complexes for each fragment
corresponds to the number of specific binding sites remaining. Eight or nine distinct complexes were resolved with a DNA fragment
containing U-B (D). UbxHD concentrations are specified in nanomolar units throughout. (E) The fraction of labelled DNA (the two-site
template in panel B) present as the singly or doubly occupied complex was plotted as a function of UbxHD concentration. The singly occupied
complex reached a maximum level of -50% of the input DNA at 2.0 and 2.4 nM UbxHD.

sequence contexts. The protein used for these experiments
was the UBX Ib isoform containing all three of the optional
elements whose presence depends upon the pathway se-
lected for splicing of the primary transcript. This protein was
purified nearly to homogeneity, from the E. coli source
reported previously (7), by using a simpler and more efficient
procedure (see Materials and Methods).
The complex formed by UBX Ib with the single site

present in the mutated U-A fragment in Fig. 2A was rela-
tively unstable, with a half-life of less than 30 min. The
half-life of binding to this isolated site (site 2) was extended
to -160 min by addition of a second site (site 3 [Fig. 2B]) by
using another mutated U-A fragment. As shown in Fig. 2C,
binding to site 2 was prolonged further to give a half-life

greater than 4 h when sites 1 and 4 were reintroduced;
indeed, the entire U-A region reconstituted in this fragment
was stably bound throughout this time period. The stability
of a Ubx protein complex with a single site can thus be
extended by nearly 10-fold through addition of sites at
adjacent positions.

Cooperative binding to nonadjacent sites. In the process of
assaying genomic sites in various sequence contexts, we
found that composite sites like U-A and U-B are capable of
stabilizing binding to sites located some distance away. The
first such situation we studied involved the U-A sequence
positioned about seven turns away from a weak site fortu-
itously present in a cloning vector (Fig. 3A). The vector site
contained a single TAAT motif with several partial motifs
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FIG. 2. Stability of a specific complex is enhanced by the presence of adjacent binding sites. DNA fragrnents containing the U-A site and
its derivatives (Fig. 1A to C) were end labelled and incubated with the intact UBX lb protein purified from E. coli. These preformed complexes
were then challenged with an unlabelled excess specific DNA competitor and treated with DNase I at the indicated times, and the resulting
products were displayed by denaturing gel electrophoresis (A to C). The degree of protection at site 2 in each of the three templates was
quantified as described in Materials and Methods, and these data are plotted in panel D. The triangular, round, and square symbols in panel
D correspond to the data from panels A, B, and C, respectively. no prot, no protein; G/A, purine positions.

located nearby. Binding to this weak site was stabilized
about fivefold by the presence of U-A, compared with the
same site on a similarly sized fragment in the absence of U-A
(t12= 151 versus 32 min; Fig. 3A and C). The presence of
U-A was also associated with an expansion in size of the
weak-site protection, as indicated by the shaded portion of
the rectangle in the right half of Fig. 3A. The half-life of the
weak site was extended to approximately that of the U-A
site, suggesting that the side-by-side interactions that lend
stability to U-A (see above) can occur simultaneously with
the interaction between U-A and the more distant weak
vector site.

In the second situation we studied, U-A was present in its
natural context, located at a center-to-center distance of 198
bp from the U-B site. Higher salt concentrations were used
to facilitate the measurements, since under standard condi-
tions (150 mM KOAc), the stability of complexes when both
sites are present is considerably greater than 12 h (data not
shown). Two independent dissociation rate experiments
(Fig. 3B and D) each showed that binding to the U-A site is
stabilized by the presence of U-B. Figure 3B shows the
footprint gel from one of these experiments performed at 250
mM KOAc, and Fig. 3D shows the quantification of the
second experiment, performed at 200 mM KOAc. From such
data, we estimated that the presence of U-B at 200 mM
KOAc stabilized binding byUBX Ib to U-A almost threefold
(from 4.8 to 12.5 h; Fig. 3D). Twelve hours represents a
considerable fraction of the time required to complete em-
bryogenesis. Such stable complexes may therefore play a
role in establishing and maintaining a determined state
within the nuclei of differentiating cells.

Interactions between distant sites are mediated by DNA
looping. Two independent lines of evidence confirmed the
interaction of U-A and U-B and suggested that the interac-
tion is mediated by a mechanism involving DNA looping.
The first was a series of enhancements and reductions of
DNase I cleavage frequency in the spacer between U-A and
U-B. These changes appeared in parallel with the protection
of U-A and U-B as the UBX Ib protein concentration
increased (Fig. 4A and B). The average spacing between
adjacent enhancements and between adjacent reductions
was between 10 and 11 bases (data not shown), correspond-
ing to the DNA helical repeat and suggestive of DNA
curvature (17). As seen in Fig. 4C, replacement of the
normal spacer sequences with a fragment from pBR322 also
produced protein-dependent periodic alterations in DNase I
cleavage. Although the exact pattern of altered cleavages
was not identical, presumably because of some degree of
sequence dependence by DNase I, the occurrence and
regularity of the alterations suggest that changes in cleavage
of the normal spacer are not the result of specific interactions
with UBX lb.

Similar protein-induced periodic changes in the frequency
of DNase I cleavage were noted previously (31) upon loop-
ing-mediated cooperative binding by the lambda repressor to
operator sequences spaced by five or six turns of DNA.
These periodic changes are attributable to bending-induced
structural distortions of the minor groove of DNA, which is
the site of DNase I cleavage. Because the DNA is preferen-
tially bent away from DNase I at the site of cleavage (85),
these distortions would be expected to enhance cleavage
along the outer surface of the curve and suppress it along the
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FIG. 3. Stability of specific complexes is enhanced by the presence of distant binding sites. Stabilities of specific complexes were
measured as a function of the presence or absence of distant sites in a dissociation rate assay like that whose results are shown in Fig. 2 (see
Materials and Methods for details). (A and C) Binding to a weak site fortuitously present in vector sequences (left half of panel A; round
symbols in panel C) was stabilized about fivefold by the added presence of the U-A site (right half of panel A; square symbols in panel C).
The weak site contains a single TAAT core sequence (shaded oval) and several three-of-four matches to the TAAT core (small circles); the
center of the TAAT core is located 70 bp from the center of the U-A site. The presence of U-A induces expansion of the weak-site footprint
to include adjacent sequences with partial core homology (shaded portion of the rectangle in the right panel). A contaminating DNA fragment
proved difficult to remove from the labelled fragment used in the right half of panel A; this fragment comprised <5% of the total counts and
did not contribute significantly to the DNase I cleavage pattern (aside from a band, marked by the asterisk, corresponding to the uncleaved
fragment)> (B and D) U-A and U-B are present at their naturally occurring positions in the left portion of panel B (center-to-center distance of
198 bp); in the right portion, the U-B site has been replaced with inert sequences. Qualitatively, in panel B, binding to the U-A site was stabilized
severalfold by the presence of the U-B site (compare 240' on the left side with 60' or 90' on the right). A second experiment was analyzed
quantitatively, and the data are plotted in panel D (see text and Materials and Methods). no prot, no protein; no comp, no competition.
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FIG. 4. Binding by UBX Ib but not the Ubx homeodomain induces DNA curvature in the spacer between U-A and U-B. Incubation of
purified UBX lb and UbxHD proteins (concentrations are given in nanomolar units) with end-labelled DNA fragments containing the U-A and
U-B sites was followed by DNase I treatment and electrophoresis on denaturing gels. Each panel in the upper portion of the figure was
analyzed by densitometric scanning of DNase I cleavage patterns in two lanes, one with added UBX Ib protein and one without. These scans
are plotted in panels designated by the corresponding lowercase letters (shaded line, with UBX Ib protein; solid line, without protein). Above
these plots within each lower panel is a histogram showing the difference between DNase I cleavage patterns in the presence and absence of
UBX Tb. Periodic enhancements of DNase I cleavage frequency (marked by a plus sign) alternate with regions of reduced DNase I cleavage
frequency (unmarked). These changes in DNase I cleavage are observed upon labelling of either strand (A and B) and also when the naturally
occurring spacer is replaced by a fragment identical in length from pBR322 (C). Apparent differences in the protein concentration required
for protection in panel B are due to the use of a higher DNA concentration and a UBX lb preparation with activity lower than that used for
panels A and C (see Materials and Methods). Regular alterations in DNase I cleavage of the spacer are not produced by binding of UbxHD,
although the U-A and U-B sites are protected (D).

inner surface. DNA curvature is additionally supported by the
average offset of -2 nucleotides in the locations of enhance-
ments on the two strands of the DNA (data not shown): as a
result of double-helix geometry, the positions most affected
by minor groove distortion lie several nucleotides apart on

complementary strands of the DNA (17). Periodic enhance-
ments and reductions of DNase I cleavage frequency were
also apparent in the spacer between U-A and the weak vector
site (Fig. 3A), suggesting that DNA looping underlies the
stabilization of weak-site binding in that case as well.
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Changes in DNase I cleavage of the spacer induced by
UBX lb were observed with several different protein prep-
arations at subnanomolar concentrations and under a variety
of conditions: these conditions included the presence of Na+
ranging in concentration from 50 to 250 mM, the presence of
nonionic detergent (Nonidet P-40 at 0.025 and 0.1%), and the
presence of bovine serum albumin (10, 25, 50, and 100
,ug/ml). The altered cleavage pattern also persisted for many
hours after addition of unlabelled specific competitor DNA
added in considerable excess (50 nM) relative to protein and
labelled DNA (10 nM and 20 pM, respectively). These
findings support our view that the changes in spacer cleavage
are the result of specific protein-protein contacts and not a
consequence of nonspecific aggregation.

Direct visualization of looped and linear complexes. A
second line of evidence that confirms our analysis of the
unusual DNase I cleavages resulted from visualization of
protein-DNA complexes by dark-field electron microscopy
(Fig. 5). The DNA fragment in these complexes contained
the U-A and U-B binding sites, as illustrated schematically
at the top of Fig. 5g. Figure 5a shows a field containing
several examples each of linear and looped molecules, and
individual examples are shown at higher magnification in
Fig. Sb to f (linear molecules) and h to q (loops). Bound UBX
lb in these micrographs appears as a thickening or increased
density (see arrows; compare with free DNA in Fig. 5u and
v). The distances between binding sites and the ends of the
fragment (Fig. Sg) were calculated from footprinting exper-
iments, and they agreed well with the measurements from
micrographs of actual complexes (Fig. 5 legend).
Looped forms were observed in -40% of those complexes

in which the U-A and U-B sites of an isolated DNA molecule
were occupied. This is a lower frequency of loop formation
than in the footprinting experiments, in which cleavage by
DNase I at certain sites was completely abolished, suggest-
ing looping of nearly all DNA molecules; the discrepancy
may be due to the lower protein-to-DNA ratio used in the
binding reactions for spreading. The length of the loop
contour consistently measured a distance corresponding to
235 + 8.6 bp. This dimension is consistent with contact
between proteins bound at the two sites and suggests that
they are aligned not center to center but in a manner that
maximizes loop circumference and minimizes torsional
stress in the DNA. The inner diameter of this loop should
average -234 A (1 A = 0.1 nm), insufficiently small to
completely block access by a molecule with the dimensions
of DNase I (45 by 40 by 35 A [85]), although perhaps
sufficiently small to hinder it and thus aid in reducing
cleavage along the inner surface of the DNA loop (see
above).
Complexes involving more than one DNA molecule were

also observed, and several examples are shown in panels R
to T. The points of DNA contact between molecules in these
intermolecular complexes were usually associated with pro-
tein density at positions corresponding to U-A and U-B
within the fragments. Panel R shows such a trans association
involving both binding sites on each molecule, and panels S
and T show the association of a smaller U-B-containing
fragment with sites U-B and U-A, respectively, on the larger
DNA. Such interactions in trans have also been reported for
the lac repressor, a molecule also capable of DNA loop-
mediated cooperativity between distant sites (45).
The formation of protein bridges between unlinked DNA

molecules may be relevant to transvection, a phenomenon
that has long been known to occur at Ubx and other loci in
D. melanogaster and may have its counterpart in other

eukaryotes (reviewed in reference 86). Transvection may be
thought of as the pairing- or proximity-dependent provision
of regulatory information by one chromosome to its ho-
molog. If the association of proteins bound in cis to distant
sites is important for regulation, it is possible that the
association of proteins bound in trans to an unlinked DNA
molecule could also contribute to regulation. The molecular
genetics of the Ubx locus suggest that for transvection to
occur, the promoter must be associated or in some way
communicate with regulatory sequences from the -40-kb
bxdlpbx region and -25-kb abx/bx region located, respec-
tively, upstream and downstream of the Ubx transcription
start site. It is not known whether these regions contain Ubx
binding sites which might associate with the sites near the
promoter or whether autoregulation plays a role in transvec-
tion. It should be noted that the product of the zeste gene,
which is required for transvection, binds specifically to sites
near the Ubx promoter, as well as to other sites in the
regulatory regions just mentioned (8), and could play a
facilitating role in mediating contacts between distant sites.

Multiple nearby and distant sites act synergistically in
transcriptional activation. We tested the significance of bind-
ing cooperativity in vivo by using 3-galactosidase as a
reporter gene to monitor the regulatory potency of a variety
of binding site combinations. We chose a yeast system,
described more fully by Ekker et al. (20), to facilitate rapid
testing of multiple sequences and to reduce the potential for
interfering activities from homeodomain proteins present in
homologous systems such as Drosophila embryos or cul-
tured cells. This yeast system offers the additional features
of inducible UBX Ib expression and control over target copy
number, neither one easily achieved by the standard trans-
fection procedures for assays in cultured cells. The ability to
control target copy number is particularly important in
attempting to measure the interactions of linked sites in cis
when the protein is also capable of interacting with unlinked
sites in trans (Fig. Sr to t).
We began by assaying the DNA fragments utilized for Fig.

1A to C, but because of an endogenous yeast activity that
appeared to activate U-A site variants in which GCCG was
present as a replacement for TAAT, we were unable to
determine the effect of binding site number upon transcrip-
tion. As an alternative, we tested a series of DNA fragments
containing zero to eight nearly optimal Ubx binding sites,
with multiple sites arranged in a directly repeated orientation
at a spacing of 11 bp. As seen in Fig. 6A, the increase in
transcriptional response is supralinear at lower site numbers,
with a plateau reached at four or five sites and above; this
behavior gives a sigmoidal appearance to the response curve
and is suggestive of cooperativity.
To test the effects of interactions between distant sites, we

compared the activation produced by a fragment containing
U-A and U-B with the activation seen when U-A, U-B, or
both sites were replaced by inert sequences; these substitu-
tions maintained the size, spacing, and orientation of the test
fragment with respect to the basal promoter. Transcriptional
activation with one or both sites missing was reduced to 15%
or less of that obtained with both sites present (Fig. 6B),
consistent with a role for the cooperativity observed in vitro
for binding to distant sites.
The Ubx homeodomain peptide does not bind cooperatively.

Our previous work with a Ubx homeodomain peptide gave
no indication of cooperativity in binding to DNA (21). To
test this possibility explicitly, we carried out a variety of
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FIG. 5. Visualization of DNA complexes with the UBX Ib protein. UBX Ib complexes with specifically bound DNA fragments were
prepared for viewing by dark-field electron microscopy as detailed in Materials and Methods. (a to q) Panel a shows a field containing linear
and looped forms of UBX Ib complexes with a 406-bp genomic DNA fragment containing U-A and U-B (the insert from pPB260, also used
in Fig. 3B and 4A, B, and D; see the schematic at the top of panel g). Individual complexes are shown in panels b to f (linear forms) and h
to q (looped forms). Looped forms were observed in -40% of complexes in which protein was associated with both sites (16 of 35 in one
experiment and 76 of 196 in another). The end-to-center and center-to-center distances measured from micrographs for eight linear complexes
(scaled in base pairs) correspond closely to the distances expected on the basis of footprinting (7) (see the top of panel g), with normalized
means (± the standard deviations) of 102 -+ 10, 213 - 13, and 91 t 8.2 bp. The mean loop circumference measured for 13 looped complexes
was 235 t 8.6 bp. (r to t) Several examples of protein-mediated intermolecular associations were also observed, involving either both binding
sites on each molecule (r) or only one binding site from each molecule (as in panels s and t, in which the shorter DNA is a 242-bp fragment
containing U-B). (u and v) Appearance of DNA spread in the absence of protein. (w to y) Linear complexes with a 544-bp genomic DNA
fragment that extends from + 13 to +556 with respect to the Antp P1 transcription start site. DNase I footprinting of this fragment identified
A-1 and A-2, two binding sites located at end-to-center and center-to-center distances of 307, 98, and 139 bp (reference 7; see the bottom of
panel g). These locations agree well with the normalized means of 310 ± 11, 103 t 7.4, and 131 ± 11 bp measured from eight micrographs.
The A-1 and A-2 binding sites were not further characterized with respect to the number of individual binding sites present nor with regard
to cooperativity in binding by UBX lb. The arrows indicate bound proteins.

experiments with the templates described above. Figure 4D
shows that although the U-A and U-B sites were well
protected by the homeodomain in a DNase I footprinting
experiment, the spacer between these sites did not show the
changes in cleavage pattem characteristic of looping induced
by the intact protein. We also failed to observe stabilization

of homeodomain-DNA complexes by addition of distant or
nearby sites in footprinting experiments with the DNA
fragments in Fig. 3 and 4 (data not shown). Finally, as shown
in Fig. 1E, we ruled out cooperativity between two adja-
cently bound homeodomains by quantitative analysis of the
equilibrium binding experiment shown in Fig. 1B. In a
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by UBX lb. Transcriptional activation was assayed
system as a function of the number and arrangemer

binding sites. UBX lb protein expression was und
inducible GALl promoter, and binding sites to
inserted upstream of a basal promoter driving trai
P-galactosidase reporter gene (described more full4
see text). (A) 1-Galactosidase activity was measurei
the number of adjacent binding sites inserted upstI
promoter. Each point was plotted as the mean of i
determinations plus or minus the standard deviatic
were spaced by a center-to-center distance of 11
variants of the 406-bp genomic DNA fragment cor

U-B (Fig. 3 to 5; see Materials and Methods) were
of the basal promoter in the P-galactosidase re;
Normalized values from each of three independent
construct containing U-A and U-B equals 1.0) and
minus the standard deviation; average ,B-galactos
shown in parentheses.

situation involving cooperative binding to two
affinity, prior association of a protein molecul
site would enhance binding to the second; the
occupied complexes during a protein titratiot
fore reach a maximum level somewhat belo%
of total DNA expected if binding were indepe
The homeodomain peptide, consistent with t]
footprinting reactions, produced a maximun

greater than 50% and therefore appears not t
atively.
The lack of cooperativity in Ubx homeodor

multiple sites is consistent with the lack of d
found in the optimal binding site defined previ
also consistent with the behavior of the Ubx
as a monomer in gel filtration (data not showi
work of several other groups indicating ti
odomain binds as a monomer (2, 23, 43, 57,
behavior of the intact protein, these data sug

erative binding of UBX Ib is mediated by amino acid
sequences lying outside the homeodomain.

DISCUSSION

A working model for cooperative DNA binding by UBX lb.
Our studies of an Ultrabithorax homeotic gene product have
revealed some properties not previously associated with this
class of Drosophila DNA-binding proteins. The fundamental
findings are summarized schematically in Fig. 7. UBX Ib
molecules appear to bind cooperatively such that the stabil-
ity of a complex is a function of not only individual site
affinity (A) but also the number of individual sites within a
cluster (B) and the presence of multiple separate clusters

8 within a DNA region (C). Cooperativity in binding is de-
picted in Fig. 7 by contact between bound molecules.
Because the Ubx homeodomain peptide fails to bind coop-
eratively, UBX lb is drawn as a modular protein with its

relative binding domain separate from its interactive surfaces. Inter-
alactosidase activity action surfaces for adjacent sites are drawn as distinct

donors and acceptors because of the geometry suggested by

1.0 (98) direct orientation of the repeated multiple sites within U-A
and U-B (Fig. 7B). Since nearby cooperativity and distant

0.14 ± 0.02 (15) cooperativity appear to be simultaneously manifested, dis-
tinct surfaces presumably are used for these two modes of

0.09 ± 0.06 (1 1) interaction (Fig. 7C). The location and nature of these
interaction surfaces remain to be determined, and the draw-

0.01 ± 0.01 (1) ing is presented as a working model. This model has been
°tiona activati0 1 useful in suggesting an explanation for the expansion of the
tional actilvatlon weak-site footprint upon interaction with U-A (Fig. 3A): in
in a simpleryeast interactions between sites of disparate sizes, binding of
ertoftrolprothei additional proteins to low-affinity DNA sites (lightly shaded
be tested were in Fig. 7C) may be promoted by the favorable energies
nscription of the available through both the adjacent and distant modes of
y in reference 20; interaction.
d as a function of The results of transcriptional activation assays in a simple
ream of the basal yeast system were consistent with our findings of coopera-
four independent tive binding in vitro. We found that increasing numbers of
)n. Multiple sites adjacent sites led to a sigmoidal transcriptional response
.bp. (B) Several curve. In addition, we found previously, by using the same

tested upstream assay system, that transcriptional response can vary dramat-
torter construct ically when the number of sites is held constant at four but
experiments (the the strengths of individual sites are varied (20). UBX lb also
are given plus or appears to be able to mediate a cooperative transcriptional
sidase activity is response to binding sites located some distance apart, as

indicated by the synergy resulting from the combined pres-
ence of U-A and U-B in this assay system. Cooperative
binding thus appears to function as a regulatory mechanism

sites similar in by which UBX Ib can integrate not only the number and
le with the first quality of adjacent sites in a cluster but also the number of
level of singly site clusters within a DNA region.

n should there- Intrinsic versus extrinsic cooperativity in vivo. One mech-
v the 50% level anism for cooperative integration in vivo is the formation of
Indent (12, 91). multiple contacts between the basal transcription apparatus
he results from and bound transcription factors (extrinsic cooperativity; see
n level slightly reference 62). This mechanism becomes particularly impor-
to bind cooper- tant when a factor is present at concentrations that are

saturating for binding. UBX lb is not present at saturating
main binding to concentrations in our yeast assay system, since the strengths
lyad symmetry of individual sites can dramatically influence the response
iously (20). It is when the number of sites is held constant at four (20).
homeodomain Indeed, the difference in transcriptional response in vivo for
n) and with the the well-studied four-site clusters b and k parallels very
hat the home- closely the difference in complex stability measured in vitro
63). Given the (47-fold in vivo versus 43-fold in vitro; see Fig. 5 of reference
gest that coop- 20). Thus, although we cannot rule out some role for
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A

B

C

FIG. 7. A model for integration of multiple nearby and distant
sites by UBX Ib binding. UBX Ib protein is depicted schematically
as it interacts with a single site (A), several adjacent sites (B), and in
a DNA loop anchored by interactions with sites at two distant
locations (C). See the text for further discussion.

extrinsic cooperativity in the yeast assays, our in vitro
results suggest that intrinsic cooperativity plays a major role.

Intrinsic cooperativity in binding to adjacent, as well as
distant, DNA sites is a property of a number of prokaryotic
regulators (reviewed in references 1, 30, 52, and 73). Coop-
erative binding is somewhat less well established but has
also been demonstrated among eukaryotic transcriptional
regulators. For example, the dimeric chicken progesterone
receptor has been shown to bind cooperatively to two
adjacent sites (91) and the Drosophila segmentation protein
even-skipped appears to bind cooperatively (87). In addition,
the stabilities of complexes formed by trimers of the heat
shock transcription factor (96), by the human Hox 2.1
homeodomain protein (25), and by the Oct-2 POU home-
odomain protein (48) increase dramatically with an increase
in the number of adjacent binding sites. Electron micro-
scopic evidence has also been obtained for homomeric
interaction of eukaryotic transcriptional activators when
bound to distant sites (33, 84, 89), although cooperativity in
these cases has not been measured. The ability of UBX Ib to
bind multiple adjacent and distant sites cooperatively thus is

not unique among DNA-binding proteins, although it is the
first example among the Drosophila homeotic proteins.
Intrinsic binding cooperativity has been suggested for sev-
eral other homeodomain-containing Drosophila patterning
proteins (15, 16, 32), but the use of complex extracts or of
fusions to oligomerizing proteins for these in vitro studies
did not eliminate alternative conclusions.
An additional form of cooperativity may derive from

homeodomain protein interactions with other transcription
factors, as shown for yeast proteins a2 and MCM1 (80) and
as suggested for the fushi tarazu protein (22, 24, 72).
However, this possibility cannot be addressed biochemically
until DNA-binding partners for Drosophila homeodomain
proteins have been identified.

Implications of cooperativity for the design of regulatory
elements. The ability ofUBX Ib to integrate the properties of
multiple binding sites organized in distinct clusters suggests
that regulatory information at target sites may be distributed
at several locations throughout large DNA regions. Binding
cooperativity of the type we observed also suggests that
functionally equivalent regulatory elements could be built
from a few high-affinity sites, from many lower-affinity sites,
or from sites of some intermediate number and affinity. How
well do these expectations match the characteristics of
regulatory elements active in an embryo?
The U-A and U-B sites near the Ubx promoter fit these

expectations, since multiple clustered sites are found distrib-
uted throughout an extensive DNA region, but the role of
these sites in the embryo is unclear. U-A and U-B are
unusually well conserved in evolution (94), and Ubx appears
to be autoregulated, not only in the epidermis and its
imaginal derivatives (36) but also in the visceral mesoderm
(9). The U-A and U-B sites were present in the reporter
constructs used to study autoregulation; their analysis in
ectodermal derivatives nevertheless has been slowed by the
complexity and dispersion through large DNA regions of
other essential regulatory sequences (37, 55). The U-A site
has actually been implicated in Ubx autoregulation in the
visceral mesoderm (56), but this analysis was complicated by
the fact that at least part of the autoregulation is indirect,
requiring expression of the decapentaplegic gene (34, 59,
90). Thus, more in vivo study will be required before U-A
and U-B can be considered bona fide examples of regulatory
elements for a homeodomain protein.
A better established Ubx target element is a recently

described sequence that mediates repression by Ubx and
abd-A proteins of the Antp P2 promoter in tracheal cells (4).
Repression appears to involve a total of 30 binding sites
distributed throughout a 2.3-kb region. On the basis of
systematic mutagenesis studies, the repression appears to
require a minimum number (14 to 19) of these 30 sites,
without particular preference as to location or identity. The
requirement for a large number of binding sites dispersed in
an extensive DNA region provides an in vivo illustration of
the principles derived from our in vitro work. Nearly all of
the binding sites are suboptimal in sequence, suggesting that
this regulatory element belongs to the class described above
which contains many low-affinity sites.

Several other regulatory elements for homeodomain pro-
teins have recently been identified. The best established case
is for autoregulation of fushi tarazu (ftz), a segmentation
gene located within the Antennapedia homeotic gene com-
plex that contains a homeodomain very similar to those of
the homeotic genes. By mutating binding sites to match the
specificity of a mutated ftz-encoded protein, several func-
tional sites forftz autoregulation were identified (71, 72). As

MOL. CELL. BIOL.



COOPERATIVE BINDING AND DNA LOOPING BY A Ubx PROTEIN 6953

these researchers recognized, their results implicate factors
in addition to simple binding of DNA by the ftz protein, yet
their work clearly identified a physiologically active autoreg-
ulatory element that contains multiple individual binding
sites for the ftz protein distributed throughout an -400-bp
DNA region.

Other recently identified candidate elements for regulation
by homeotic proteins appear to have in common the char-
acteristic that multiple binding sites are distributed through-
out a sizable DNA region (27, 39, 64, 92). In addition, several
examples of regulatory elements for the more distantly
related homeodomain protein encoded by bicoid have been
identified (18, 78, 83), and these elements also appear to
share the characteristics of multiple binding sites dispersed
within a region of several hundred base pairs. Although
high-affinity binding sites occur in most of these regulatory
elements, lower-affinity sites are present and apparently play
an important role in target elements for the Dfd,ftz, and bcd
proteins. The characteristics of these regulatory elements
suggest that other homeodomain proteins also have integra-
tive properties based on cooperative binding to multiple
dispersed sites.

Role of sequences outside the homeodomain in Ubx func-
tion. Although earlier binding studies demonstrated that the
intact Ubx protein has the same individual site sequence
preference as the homeodomain peptide (20), the studies
reported here (Fig. 1B and E and 4D) suggest that sequences
outside the homeodomain mediate cooperative binding to
multiple sites. Chan and Mann (14) have recently shown that
sequences carboxy terminal to the Lbx homeodomain can
contribute to the specificity of homeodomain function. In
ectopic expression experiments, for example, the presence
or absence of the Ubx carboxy-terminal tail was a critical
determinant for the segmental specificity of a chimeric
protein containing the Antp homeodomain preceded by Ubx
amino-terminal sequences.
Whether this in vivo function of the carboxy terminus

correlates with the binding cooperativity we observed in
vitro must be addressed by further biochemical and genetic
studies. It is worth noting, however, that a recently devel-
oped sequence analysis algorithm (51) predicts a coiled-coil
conformation for a 43-residue region at the carboxy terminus
of UBX Ib with a probability greater than 0.99; no such
structure is predicted for the Antp protein (Fig. 8A). In the
work of Chan and Mann (14), two sequence changes ap-
peared to preserve the in vivo activity of the Ubx carboxy-
terminal tail. The first of these was a premature truncation
removing 17 residues of the carboxy terminus; the second
was an insertion of five alanine residues between the home-
odomain and the carboxy-terminal tail. Despite the funda-
mental nature of these changes, coiled-coil structures of 30
and 39 residues, respectively, are predicted (data not
shown). The preservation of a predicted coiled coil in each of
these mutants supports the relevance of this structure for
normal function of the Ubx protein.
The accuracy of the Lupas algorithm for structure predic-

tion is not fully established, but it does suggest a mechanism
for pairwise interaction between UBX lb molecules. The
possibility of a ULx coiled-coil structure is particularly
intriguing in the light of recent findings that association of lac
repressor dimers, the mechanistic basis for DNA looping by
the lac repressor, involves a coiled-coil motif near the
carboxy terminus of the protein (3, 13). Although earlier gel
filtration studies demonstrated that the intact Ubx protein
has a large Stokes' radius suggestive of a dimer (7), a more
recent analysis that included sedimentation measurements

A

Antp Ubx abd-A

B

Hox A2 Hox A7 Hox C8

c

Athb-1 Athb-2 Athbj

1.0 probability of

HAT4 HAT5 0.5 coiled coil

- - [ formation

FIG. 8. Homeodomain proteins containing coiled coils. The al-
gorithm of Lupas et al. was applied to the amino acid sequences of
Drosophila (A), mammalian (B), and plant (C) homeodomain pro-
teins. The location of the 60-residue homeodomain within each
sequence is indicated by the solid bar, and the predicted probability
of coiled-coil formation is indicated by the thin line (scale in panel
C). All sequences were obtained from release 4.0 of the Entrez data
base (National Center for Biotechnology Information); references
may be found in the text and in reviews by Scott et al. (75) and
McGinnis and Krumlauf (54). (A) The sequences of all eight Dros-
ophila homeotic proteins were tested, and only ULx and abd-A
showed a significant probability of coiled-coil formation. The Antp
sequence is included for comparison (see text). (B) Of the mamma-
lian sequences available, the three shown display the highest prob-
abilities of coiled-coil formation. The nomeclature used is that of
Scott (74). (C) Most reported plant homeodomain proteins contain a
leucine zipper-coiled-coil motif immediately following the home-
odomain (see text).

indicates that the protein is a monomer in solution and that
its large Stokes' radius is due to its unusual shape (10a).
Under the conditions of these studies, the UBX lb protein
thus appears to exist in solution as a monomer. The associ-
ation of UBX lb monomers to form dimers or higher-order
oligomers nevertheless could occur in the presence of DNA
(see, for example, reference 42), and the energy of this
favorable interaction could then account for the cooperative
binding behavior we observed.
We have applied the sequence analysis algorithm of Lupas

et al. (51) to all eight Drosophila homeotic proteins and
found that in addition to Ubx, the abdominal-A protein (41)
contains a predicted 71-residue coiled coil that begins imme-
diately adjacent to the homeodomain in the same position as
the Ubx coiled coil (Fig. 8A). In addition, several of the
available protein sequences encoded by Hox genes show
some probability of coiled-coil formation at the analogous
position. Three of these, Hox C8, Hox A2, and Hox A7
(nomenclature in accordance with reference 74), are shown
in Fig. 8B. The amino acid sequences encoded by several
recently characterized plant homeodomain genes reveal the
presence of a leucine zipper motif immediately to the car-
boxy-terminal side of the homeodomain (53, 68, 70); appli-
cation of the coiled-coil algorithm to these sequences indi-
cates a high probability of coiled-coil structure formation,
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which is true for only a subset of all heptad leucine repeats
(51). Whether these predicted structures play a role in
homomeric interactions between homeodomain proteins or
in heteromeric interactions with other proteins will have to
be addressed by further biochemical studies. The similarities
between these sequences nevertheless suggest a common
molecular mechanism for producing cooperative binding by
homeodomain proteins.
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