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A POU-A related region dictates DNA binding specificity
of LFB1/HNF1 by orienting the two XL-homeodomains
in the dimer
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LFBI/HNFI regulates the hepatocyte-specific tran-
scription of several genes, binding as a dimer to cis-
acting elements that match the inverted palindrome
GTTAATNATTAAC. The DNA binding domain of
LFB1/H[NF1 is characterized by a unique tripartite
structure that includes an unusually long homeodomain
(domain C), a region related to the POU-specific A-box
(domain B) and a short N-terminal dimerization domain
(domain A). We report that a recombinant peptide
corresponding to the isolated homeodomain of
LFB1/HNF1 binds as a monomer to a half-palindrome
binding site, but shows diminished sequence specificity.
Domain B, in addition to the homeodomain, is required
and sufficient for proper recognition of LFBI/HNFl-
responsive sites. A protein consisting of only these latter
two domains is a monomer in solution, but forms dimers
upon DNA binding. The protein- protein contacts
established within the bound dimer restrain the
orientation of the two homeodomains with respect to one
another, thus contributing in a critical fashion to the
recognition of the dyad symmetry-related LFB1/HNF1
sites. The DNA-independent dimerization domain
(domain A) is required to increase the affinity of DNA
binding, but does not influence the dimer geometry.
Key words: dimerization/DNA binding specificity/homeo-
domain/LFB 1-HNFI/POU/transcription

from Xenopus to humans (for a review see Mendel and
Crabtree, 1991). The consensus binding site derived from
these sequences is the palindrome GTTAAT(N)ATTAAC.
As anticipated from the dyad symmetry of this site,
LFB1/HNF1 binds to DNA as a dimer (Frain et al., 1989).
In addition, it has been shown that LFB1/HNF1 exists in
solution as a dimer independently of the presence of DNA
binding sites and that the dimer produced in vitro can
exchange subunits at a rather rapid rate (Nicosia et al.,
1990).
The functional domains of LFB1/HNF1 were dissected

by site-directed mutagenesis (Chouard et al., 1990; Nicosia
et al., 1990): the residues required for the transcriptional
activity of the molecule are located in the C-terminal part
(amino acids 282 -628), whereas the DNA binding activity
maps in the first 281 amino acids.
Within the DNA binding domain of LFB1/HNF1, three

indispensable regions have been identified, namely A, B and
C (Nicosia et al., 1990). Of these three regions, region A
(amino acids 1-32) has been shown to be necessary and
sufficient to bring about dimerization of the protein through
a novel a-helical structure (De Francesco et al., 1991;
Pastore et al., 1991). Region B (amino acids 100-184) and
region C (amino acids 198-281) show limited homology
respectively to the POU-A box and to the POU-
homeodomains of POU proteins (Herr et al., 1988). The
putative homeodomain has an insertion of 21 amino acids
between helix II and helix I1, as compared with the canonical
homeobox (Finney, 1990). For this reason this region of
LFB1/HNF1 has also been referred to as the XL (extra large)
homeobox (Nicosia et al., 1990).

In this paper we address the question of how the different
regions of LFB1/HNF1 contribute to high affinity and
sequence-specific DNA binding and discuss the relevance
of our results to the question of how homeobox-containing
proteins in general, and POU proteins in particular, locate
and interact with their DNA binding sites.

Introduction
The machinery responsible for controlling the transcriptional
activity of different genes gives cells the means to adjust the
pattern of gene expression as a response to developmental
and environmental stimuli. Through the interaction with
specific short sequences located in the promoter and enhancer
regions of a given gene, sequence-specific DNA binding
proteins provide a fundamental mechanism for the regulation
of transcription. The importance of these proteins in the
regulation of gene expression has resulted in a concentrated
effort to understand how these proteins locate and interact
with their DNA binding sites.
LFB1/HNF1 is a DNA binding protein that has been

implicated as a major determinant of hepatocyte-specific
transcription of several genes. To date, LFB1/HNF1 has
been shown to interact with defined sequences within the
promoter region of 12 liver-specific genes in species ranging
© Oxford University Press

Results
The XL-homeodomain of LFB1/HNF1 binds to DNA as
a monomer but shows relaxed specificity
Two polypeptides, one encompassing the complete DNA
binding domain of LFB I/HNF1 as defined by Nicosia et al.
(1990) (residues 1-281; BD) and the other corresponding
to the region of homology to the homeodomain (residues
195 -287; XL-HOM), were expressed in Escherichia coli
and purified to homogeneity (Figure 1).
The DNA binding properties of the two polypeptides were

initially examined using the imperfectly palindromic
LFB1/HNF1 binding site contained within the promoter of
the a I-antitrypsin gene (aI -AT; Monaci et al., 1988). The
relative affinities of the two polypeptides for this site were
measured by gel retardation titrations in which a constant
limiting amount of radiolabelled duplex oligonucleotide was
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Fig. 1. Domain structure of the DNA binding portion of LFBl/HNFl and the mutants used in this study. (A) Functional domains of the DNA
binding portion of LFBI/HNFI and alignment with representative POU proteins. * indicates residues that are identical between the POU protein
family and LFBl/HNFI, while # indicates conservative substitutions or residues that are conserved between LFBI/HNFI and at least one member
of the POU family. (B) Diagram of the constructs that express the LFBI/HNFI mutants in Ecoli. Hatched and shaded boxes depict the functional
domains described in panel A. Amino acid residues that are not present in the wild-type protein are indicated in the one-letter code. The calculated
molecular weights were deduced from the cDNA sequence of the various mutants, whereas the native molecular weights were estimated by analytical
gel-filtration chromatography on a Pharmacia Superdex 75 HR 10/30 column (see Materials and methods), assuming that all of the mutant proteins
are globular. The elution volume (VR) of the proteins used as molecular weight markers were as follows: bovine serum albumin, 9.05 ml;
ovalbumin, 9.95 ml; carbonic anhydrase, 11.35 ml; myoglobin, 12.30 ml; cytochrome c, 13.5 ml; oxidized B-chain of bovine insulin, 15.60 ml. All
of the LFB1 purified mutant proteins eluted as a single peak with VR values of 8.90 ml (BD), 13.40 ml (XL-HOM), 10.70 ml (DIM-HOM) and
11.80 ml (1-POU).

titrated with increasing amounts of protein in the absence
of competitor DNA.
The binding saturation curves obtained in this way for the

two polypeptides are compared in Figure 2A: the first
important observation is that the isolated XL-homeodomain
of LFBI/HNF1 retained substantial DNA binding activity,
with a Kd for the al-AT site of -2 x 10-9 M. This value
is comparable to that of the Antennapedia homeodomain for
its cognate binding site (Affolter et al., 1990). The
polypeptide encompassing the entire DNA binding domain
(BD) was predominantly dimeric in solution (Nicosia et al.,
1990 and Figure iB) and bound as a dimer to the cal-AT
site with an apparent affinity that was more than one order
of magnitude higher than that of the isolated XL-
homeodomain: half saturation of the DNA probe by this
polypeptide occurred at a protein concentration of

- 10-10 M.
Cooperativity analysis of the curves shown in Figure 2A

(not presented) reveals important differences between the
mode of binding to DNA of the two proteins. The degree
of cooperativity shown by the BD protein on the ae -AT site
(Hill slope = 1.5) suggests that an equilibrium exists between
the monomeric and the dimeric forms of the protein in the
lower concentration range (< 10-9 M), the dimer being the
species competent for high-affinity DNA binding. This

behaviour was expected on the basis of our previous study
(Nicosia et al., 1990). Conversely, the absence of
cooperativity for the XL-HOM polypeptide (Hill slope =

1), along with the evidence that XL-HOM is monomeric in
solution (Figure IB), indicates that the protein monomer can
bind to the target sequence and that there is no enhancement
of binding via protein -protein interactions. Consistent with
the analysis of the cooperativity of DNA binding, dimers
of BD bound to the alI-AT site in a single concerted step
(Figure 2B, top panel). The isolated XL-homeodomain, in
contrast, could no longer dimerize and occupied the
symmetry-related binding site in two steps: the first retarded
band to appear reflects the binding to only one half of the
cal-AT site; the higher shift, observed only at the highest
protein concentration used, suggests that a second XL-HOM
molecule can subsequently fill the remaining half-site
(Figure 2B, bottom panel).
In order to compare the DNA binding specificity of the

BD and the XL-HOM proteins, we performed gel retardation
experiments using, in addition to the al-AT site, a second
duplex oligonucleotide of the same length, but of a sequence

unrelated to any known LFBI/HNF1 binding site
(oligonucleotide C; Civitareale et al., 1989). Whereas
binding of BD to the C oligonucleotide was not detectable
even at the highest protein concentration used (10-7 M),
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To assess more quantitatively the difference in sequence
specificity between the BD and the XL-HOM proteins, we
also performed binding competition experiments: the
complex of each protein with the radiolabelled al-AT site
was challenged with increasing amounts of cold C
oligonucleotide. We found that a 5000-fold molar excess of
cold C over labelled a l-AT was required to compete 50%
of the complex with BD. Conversely, only a 10-fold molar
excess of cold competitor was enough to displace 50% of
the XL-HOM complex with the a l-AT site (data not
presented).
From this set of experiments, we conclude that the XL-

homeodomain of LFBI/HNFl retains the ability to form a
stable complex with the ail-AT site, but it does so with an
apparent affinity that is less than that of the intact binding
domain. Furthermore, the isolated XL-homeodomain shows
very little sequence specificity. The loss of sequence
specificity is accompanied by the inability of this latter
polypeptide to bind to DNA as a dimer.
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Fig. 2. Comparison of relative DNA binding affinities and specificities
of the BD and the XL-HOM mutants. Various amounts of the purified
BD and XL-HOM proteins were incubated with a constant limiting
amount of labelled cal-AT and C duplexes in the absence of any non-

specific competitor DNA. (A) Measurement of apparent binding
constants of the intact DNA binding domain and isolated XL-
homeodomain of LFBl/HNFl for the axl-AT site. Bound and free
DNA were separated on a bandshift gel and quantified by scintillation
counting. Data from three independent experiments are shown for both
the BD (0) and the XL-HOM (A) proteins. The curves interpolating
the data points were obtained by numerical simulation using the model
described in Materials and methods with the following equilibrium
constants: XL-HOM: Kd(XL-HOM) 2 x 10- M, where Kd(XL-HOM) is
the equilibrium dissociation constant of the XL-homeodomain complex
with the al-AT site. BD: Kdim = 5x10 i M; Kd(BD) = 1.6x10"
M, where Kdim is the equilibrium dissociation constant for BD
dimerization, and Kd(BD) is the dissociation constant of the complex
between the BD dimer and the a1-AT site. We note that in the BD
case this is not the unique combination of values that generates a curve

consistent with the experimental data. (B and C) These two panels
compare representative mobility shift assays performed with the cal-AT
(B) and the unrelated C (C) sites. Purified BD (lanes 1-5) and XL-

HOM (lanes 6-10) proteins were used in the indicated amounts.

XL-HOM bound to the completely unrelated sequence only
0-fold less efficiently than to the al-AT site (Figure 2C).

This observation suggests that the latter polypeptide possesses
a very relaxed specificity of binding.

The N-terminal dimerization domain is not sufficient to
restrict specificity of the XL-homeodomain
The observation that the homeo-related domain of
LFBl/HNFl binds to DNA recognition sites with markedly
relaxed specificity, raised the question of what other protein
domains conferred stringency of binding.
We thought that the dimerization of the LFBl/HNF1

homeodomain might play a major role in discriminating
between specific and non-specific DNA sequences. The
observation that the DNA sequences of all the LFB l/HNFl
responsive elements characterized thus far do indeed fit to
a palindromic consensus, lent support to this hypothesis.

In an earlier study we showed that the dimerization of
LFBl/HNFl is mediated by a 32 residue N-terminal region,
named domain A (Nicosia et al., 1990). In order to test
whether dimerization of the XL-homeodomain through the
A-domain was by itself sufficient to add specificity to DNA
binding, we expressed in E. coli a mutant protein which bears
the dimerization domain of LFBl/HNF1 fused at the N-
terminus of the XL-homeodomain (mutant DIM-HOM,
Figure lB). The oligomeric composition of this protein was
investigated by gel-filtration chromatography on a Superdex
75 column: the protein eluted at an apparent molecular
weight of - 35 kDa, consistent with the formation of dimers.
As a control, the XL-HOM peptide was found to be
monomeric under the same conditions (Figure lB).

Subsequently, we performed DNA binding experiments
similar to the ones described above. A DNA-protein
complex was always detected, the mobility of which was
consistent with a stoichiometry of two molecules of protein
bound per molecule of DNA probe, regardless of the
oligonucleotide probe used (Figure 3). Thus, in spite of the
effective protein dimerization, the DNA binding properties
of DIM-HOM mirrored that of the monomeric XL-HOM
rather than those of the dimeric BD: half-saturation of the
c l-AT site was reached at a protein concentration of
-l0-9 M and a stable DNA-protein complex was always
observed also with the unrelated C oligonucleotide
(Figure 3).

Bandshift competition experiments (data not presented)
showed that the non-specific complex of DIM-HOM with
the C oligonucleotide was -50-fold less stable than the
complex of the same protein with the a l-AT site. These
observations suggest that dimerization by itself confers only
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Fig. 3. DNA binding affinity and specificity of the DIM-HOM
mutant. The indicated amounts of the purified DIM-HOM protein were
incubated with a constant limiting amount of labelled cal-AT or C
duplexes in the absence of any non-specific competitor DNA. Bound
and free DNA were quantified as in Figure 2. The two panels show
representative mobility shift assays performed with either the al-AT
(lanes 1-5) or the unrelated C (lanes 6-10) sites.

modest DNA binding specificity to the LFB1/HNF1 XL-
homeobox.
The finding that a complex between the monomeric form

of this protein and DNA was never observed throughout the
range of concentrations investigated is in line with our
previous observation that region A is sufficient for the
dimerization of the LFB1/HNF1 protein (Nicosia et al.,
1990; De Francesco et al., 1991).
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Region B enhances site specificity and mediates the
formation of DNA-stabilized protein dimers
To evaluate directly the contribution of the B region to site
specificity, we characterized the DNA binding properties of
a recombinant protein comprising only the B and the C
regions of LFB l/HNF1. Because part of this region shows
some sequence similarity to the POU-A box of POU
proteins, we named this mutant '-POU (Figure IA and B).
The I-POU protein was found to be monomeric in

solution up to the micromolar concentration range, as judged
by gel-filtration chromatography (Figure iB). Even if this
observation does not rule out the possibility of weak or
transient protein-protein interactions, the monomer is
expected to be the predominant species at the concentration
used for our binding assays. A constant amount of the al-AT
radiolabelled oligonucleotide was titrated with increasing
amounts of the purified protein (Figure 4A and B). Two
DNA-protein complexes could be detected in the gel
retardation experiments (Figure 4B). The mobility of each
of the two complexes is consistent with one (complex I) and
two (complex H) molecules respectively of the protein being
bound to DNA.
At low protein concentrations, complex I was the

predominant species; progressively increasing the protein
concentration rapidly enhanced the formation of complex H
over complex I. At saturating protein concentrations,
complex II was the only species detectable. The relative
amounts ofDNA in complex I, complex I and the free probe
were quantified and are summarized in Figure 4A.
Complex I initially increases but never exceeds 15% of

the total DNA. These binding features indicate that two
monomers of the mutant protein bind in a cooperative fashion
to one molecule of the imperfect DNA palindrome (Tsai
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Fig. 4. Cooperative binding and specificity of the '-POU mutant.
Various amounts of the purified P-POU protein were incubated with a
constant limiting amount of labelled cal-AT or C duplexes in the
absence of any non-specific competitor DNA. Bound and free DNA
were quantified as in Figure 2. (A) Quantification of the fraction of
cal-AT probe bound by the monomeric (O) and the dimeric (V)
forms of the l-POU protein. The curves interpolating the data points
were obtained by. numerical simulation using the model described in
Materials and methods with the following equilibrium constants: K
= 6.0x 10i9 M; Kd(,,) = 5.3 x 10-10 M, where Kd(,) and Kd(I!) are
the macroscopic dissociation constants of the monomeric and dimeric
complexes respectively of l-POU with the al-AT site. (B and C)
These two panels compare representative mobility shift assays
performed with the cal-AT (B) and the unrelated C (C) sites. Purified
*-POU protein was used in the indicated amounts.

et al., 1989): the occupation of a DNA half-site by the first
I-POU monomer increases the binding affinity of a second
protein molecule to the remaining half-site. This
cooperativity most probably arises from protein -protein
contacts between adjacently bound proteins. It should be
noticed that the I-POU mutant protein is monomeric in
solution, but predominantly dimeric when bound to DNA,
despite the fact that it lacks the 'dimerization domain'. There
is no paradox in this observation: the free energy at a protein
interface required to form a dimer in solution must be in
the range 10-15 kcal/mol in order to overcome the loss of
translational and rotational degrees of freedom, whereas the
free energy required for highly cooperative binding to
adjacent half-sites is significantly lower (Harrison and
Aggarwal, 1990).
The I-POU protein did not bind significantly to the non-

specific C oligo at any of the protein concentrations used
in our experiments (Figure 4D). Furthermore, bandshift
competition experiments (data not presented) indicated that
a 500-fold molar excess of the cold C oligonucleotide is
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required to compete away 50% of the complex of the I-
POU protein with radiolabelled cx -AT oligonucleotide.

Altogether, the experiments described above indicate that
the B region of LFB l/HNF1 is implicated in restricting the
specificity ofDNA binding to that of the intact LFB 1/HNF I
protein and that the same region is involved in the DNA-
dependent dimerization of two protein molecules.

It is worth pointing out that the overall stability of the '-
POU protein complex with the a 1-AT oligonucleotide,
measured as the concentration of protein required to saturate
50% of the binding sites (10-' M), did not differ
significantly from that measured for the isolated XL-
homeodomain with the same DNA site. In contrast, while
the XL-HOM mutant bound tightly to non-specific DNA,
the I-POU protein failed to do so. This finding suggests
that the increased sequence specificity displayed by the I-
POU over the isolated XL-homeodomain is not obtained by
establishing extra contacts with specific DNA, but rather by
preventing the interaction with the non-specific sequences.
This observation, along with the finding that the I-POU
protein has diminished affinity for a LFB1/HNFI half-site
(compare lanes 1-4 of Figure 6B with the corresponding
lanes of Figure 6D) points to a possible negative role of
region B: sequence-specificity could be achieved through an
'inhibition' ofDNA binding, mediated by the B-region, that
can be overcome, on the cal-AT oligonucleotide, by the
DNA-mediated dimerization of the protein. We tried to
assess whether the inhibitory function depended on a portion
of region B different from that involved in the DNA-
dependent protein-protein interaction. To this end we
constructed two mutants carrying, in addition to the XL-
homeodomain, only the region of homology to the POU-A
box (mutant POU-A-HOM) or the region comprising amino
acids 101 - 155 of the protein (mutant APOU-A).
Interestingly, both of these mutant proteins have lost the
ability to bind to any DNA site (data not shown), suggesting
that the inhibitory function is retained by either mutant, while
the presence of an intact B-region is required for efficacious
protein -protein interaction.

Region B is responsible for the correct orientation of
the two XL-homeodomains in the LFB1/HNF1 dimer
We wondered whether the different features ofDNA binding
displayed by the various mutant proteins in our bandshift
assays reflected different ways of contacting the DNA
duplex. In order to get a clearer picture of how the various
polypeptides contact DNA, we performed DNase I protection
experiments on a fragment derived from the a( 1-AT
promoter. The result is shown in Figure 5. The BD (lane 3)
and the '-POU (lane 4) proteins yielded a protection pattern
identical to that observed on this promoter using native
LFB1/HNF1 extracted from rat liver nuclei (Monaci et al.,
1988). In contrast, a distinctly different region was protected
by the XL-HOM (lane 5) and DIM-HOM (lane 6) mutants:
only the most conserved 5' half of the LFB1/HNF1 binding
site was fully protected from DNase I activity. Furthermore,
the boundaries of the footprint observed with these two latter
mutants extended further upstream towards the 5' end of the
LFB1/HNF1 site. Independent gel retardation experiments
(data not presented) revealed that this region contains an
additional high-affinity binding site for the XL-HOM protein
that is not recognized by the intact binding domain, nor is
its sequence related to any known LFB1/HNF1 binding site.
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Fig. 5. DNase I footprinting of the LFB1/HNF1 mutants on the
a1-antitrypsin promoter. DNase footprinting was carried out as
described in Materials and methods. The final protein concentration in
the binding mixture was 10-9 M for the BD mutant (lane 3) and 10-7
M for the 1-POU (lane 4), XL-HOM (lane 5) and DIM-HOM (lane 6)
mutants. The digestion pattern is shown only for the top strand. Lanes
2 and 7 show the cleavage pattern of the unbound probe. The
sequence corresponding to the footprint was determined by a G+A
ladder (lane 1). Below the autoradiogram, the protection pattern
obtained on both DNA strands using the BD and I-POU mutants
(solid line) is compared with that obtained using the XL-HOM and
DIM-HOM mutants (dotted line).

The results just described reinforce the notion that the XL-
HOM and DIM-HOM mutants have a relaxed or even altered
specificity of DNA binding. This eventually results in
profoundly altered geometry of the DNA -protein complex.
In contrast, the mutant I-POU protein can position the two
XL-homeodomains on the symmetric DNA sites indistin-
guishably from the intact binding domain.
The above observation raised the possibility that the

protein -protein interactions mediated by the presence of the
B domain contributed critically to sequence specificity by
holding one XL-homeodomain in a defined position relative
to the other. In order to assess whether this was the case,
we designed three additional binding sites, based on the
LFB 1 /HNF1 consensus sequence: one bearing only one half
of the consensus sequence (BHalf) and two in which the two
idealized half-sites were organized as inverted (Pal) or direct
(DirRep) repeats. In designing these latter two oligo-
nucleotides, care was taken to mantain the two half-site
binding surfaces on the same face of the DNA duplex, as
they are normally found in the natural recognition sites (R.De
Francesco, unpublished observation). The results of the gel
retardation experiments, using these oligonucleotides as
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probes, are presented in Figure 6. It should be noted that
these experiments were carried out in the presence of a large
excess of poly(dI-dC) * poly(dI-dC) in order to maximize the
differences between specific and non-specific DNA binding.
The apparent affinities of a given mutant for the various sites
may therefore differ from those determined in the absence
of competitor DNA.
We first analyzed the DNA binding properties of the intact

LFB1/HNF1 binding domain on the three artificial sites
(Figure 6A). Because of the strong protein -protein
interactions mediated by the A-region (De Francesco et al.,
1991 and above), BD still bound to the half-site as a dimer
(lanes 1-4). We believe that one of the two protein
molecules in this complex contacts DNA non-specifically.
The presence of a second half-site arranged as a direct repeat
increases the stability of the DNA-protein complex by a
factor of - 10 (lanes 5-8). However, a much more dramatic
effect was observed when the two half-sites were arrayed
in an inverted repeat as they are normally found in natural
responsive elements: the BD protein displayed an apparent
affinity for the Pal site that was about three orders of
magnitude greater than for the half-site (lanes 9-12). These
findings show that the LFBl/HNF1 dimer was capable of
recognizing not only the information contained in the
sequence of each half-site, but also the arrangement of the
two half-sites with respect to each other. The isolated XL-
homeodomain, in contrast, occupied the two half-sites in two
independent steps and regardless of the orientation
(Figure 6B, lanes 1-12).
As shown in Figure 6C, the DIM-HOM polypeptide,

which is a dimer in solution, bound as a dimer to the half-
site (lanes 1 -4), although its affinity was less than that of
either the inverted or the direct repeat (lanes 5-12). Since
its apparent affinities for these two latter sites were nearly
identical, this mutant seems to contact both half-sites
independently of their arrangement. This behaviour,
expected on the basis of the modest specificity displayed by
the DIM-HOM dimer, suggests that the two XL-
homeodomains are not constrained in this protein.

Finally, we studied the interaction of the I-POU protein
complex with the same three sites (Figure 6D). When
challenged with the half-site (lanes 1-4), the I-POU mutant
forms a low-affinity complex in which the protein is
predominantly monomeric. This is consistent with the finding
that dimerization of this polypeptide is driven by the presence
of an appropriate DNA site. Duplication of the half-site as
a direct repeat (lanes 5-8) augmented to some extent the
formation of the DNA-driven dimer, but was not sufficient
to restore the tight binding observed when the two'half-sites
possess dyad symmetry as in the inverted repeats of the
palindrome (lanes 9-12). This observation suggests that the
orientation of the two XL-homeodomains in the bound dimer
of I-POU is restrained by the DNA-induced protein-
protein interactions between two adjacent monomers. We
believe that the dimer contacts formed by the I-POU
molecule are similar to those involved in setting the geometry
of the BD dimer, since the two mutants displayed a similar
rank order of DNA site affinity.

The DNA-independent dimerization domain of
LFB1/HNF1 can be replaced by the GCN4 leucine
zipper
The protein -protein contacts established within the I-POU
mutant were strong enough to define the structure of the
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Fig. 6. Effect of the relative orientation of the half-sites on the DNA
binding properties of the different LFBI/HNFI mutants. The four
panels show the relative binding affinities of the BD (A), XL-HOM
(B), DIM-HOM (C) and *l-POU (D) mutant proteins for the half-site
(BHalf, lanes 1-4), the direct repeat (DirRep, lanes 5 -8) and the
palindrome (Pal, lanes 9-12) duplex oligonucleotide respectively. The
concentrations of protein used in each experiment are indicated at the
top of each panel. Binding reactions were carried out in the presence
of an excess of poly(dIdC) -poly(dldC) and therefore the dissociation
constants of the various complex estimated in this experiment cannot
be compared directly with those determined from the experiments
shown in Figures 2-4.

bound dimer, yet insufficient to mantain its integrity when
not associated with DNA. In contrast, the intact binding
domain, BD, formed dimers in solution, regardless of the
presence of specific DNA sites, and bound to the al1-AT
site one order of magnitude more tightly.

It therefore seems as if the N-terminal dimerization domain
had a specific role in increasing the affinity of the
LFBI/HNFI protein for the 2-fold symmetrical site,
facilitating the formation of LFBI/HNFl dimers in the
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Fig. 7. DNA binding properties of the GCN4B1 and I
dimerization domain substitution mutants of LFB1/HNI
derivatives were produced in vitro by transcription and
the appropriate template as described in Materials and
evaluated for their ability to bind to the al-AT, Pal ar
synthetic duplexes in bandshift experiments. (A) The d
domain deletion mutants Al (lane 1) and the dimerizat
substitution mutants GCN4B1 (lane 3) and FosB1 (lane
compared with the intact BD (lane 2) for their ability t
al-AT probe. The complexes formed by BD (lanes 5-
GCN4B1 (lanes 11- 15) were challenged, 15 min prio
with increasing amounts of B-Dim and GCN4-LZ pel
corresponding to the dimerization domains of LFBI/H
respectively. The concentrations of competitor peptide
tuM (lanes 5, 8, 11 and 14), 1.2 jtM (lanes 6, 9, 12 a
yM (lanes 7, 10, 13 and 15). Similar amounts of proti
equivalent to a final concentration of 8 x 10 1 M, we
lanes, except for lanes 1 and 4, where the final concer
protein in the bandshift mixture was -4-fold higher. (
orientation of the two XL-homeodomains in the dimeri
substitution mutant GCN4B1 was probed using the Pal
and the DirRep (lanes 4-6) duplexes in bandshift exp
protein concentration was - 101 M (lanes 1 and 6),
(lanes 2 and 5) and 4x10-13 M (lanes 3 and 4). (C)
LFB 1/HNF 1 dimerization domain substitution mutants
vitro translation were visualized on a 12% SDS-PAG
lane 2, BD; lane 3, Fos-Bl; lane 4, ROPB1; lane 5, C

absence of DNA. In order to assess whethe
of the N-terminal dimerization domain was lin
independent dimerization, or whether it also
further defining the structure of the bound r
we constructed a series of chimeric proteins
substituted region A of LFB1/HNF1 with
dimerization domains that have very differ
arrangements. If the LFB1/HNF1 dimeriz
imposed a structural constraint on the protein
be expected that the resulting chimeric prot
longer recognize the LFB 1/HNFl binding s

We chose to use in vitro-translated proteins I
of the activity of the dimerization domai
mutants. The reason for this choice was two]

quantification of the protein of interest does not require
purification to homogeneity, thus speeding up the analysis
of the mutants. Second, because of the low amount of the
proteins translated in vitro and the presence of competitor
DNA, we could clearly detect a DNA -protein complex only
with those mutants that bind DNA with an affinity and a
specificity comparable to that of the wild-type protein: a
deletion mutant lacking the N-terminal dimerization domain
(mutant Av1, Nicosia et al., 1990) produced only a very faint
band (often observable only at very long exposure times)
with the mobility expected for a protein monomer-DNA
complex (Figure 7, lane 1).
We initially assembled a construct in which the sequence

encoding the authentic 32 N-terminal amino acids of
LFB1/HNFI-BD was removed and replaced with the
sequence encoding the 32 amino acid leucine zipper from
the yeast DNA binding protein GCN4. This domain is known
to fold as a parallel coiled-coil (Oas et al., 1990; Saudek
et al., 1991).
The chimeric protein (GCN4B1) was synthesized in vitro,

incubated with the ce1-AT site in the presence of an excess
of non-specific competitor DNA and electrophoresed in a
non-denaturing polyacrylamide gel. A retarded band was
clearly seen (Figure 7, lane 3) which displayed a mobility
similar to that of the LFB 1/HNF 1-BD -DNA complex
generated by the same method (Figure 7, lane 2). As a
negative control, we constructed a similar protein, but using

FosBl the leucine zipper of the c-fos proto-oncogene (FosB 1). The
Fl. LFBl/HNF1 failure of this latter chimeric protein to bind DNA tightly

methods and as a dimer (Figure 7, lane 4), reflects the inability of the
nd DirRep c-fos leucine zipper to self-dimerize (O'Shea et al., 1989).
limerization In addition we found that, whereas DNA binding by
:ion domain LFBI/HNF1-BD was competed by a molar excess of a

o i
4) were synthetic peptide corresponding to its dimerization domain

-10) and (B 1-dim; Figure 7, lanes 5-7), GCN4B1 still bound to the
*r to loading, cognate sequence under these conditions (Figure 7, lanes
ptides, 8-10). Conversely, a peptide encompassing the leucine
NFl and GCN4 zipper region of GCN4 (GCN4-LZ; Saudek et al., 1991)
used were 0.12 inhibited the DNA binding activity of GCN4B1 but not that
tin, roughly of LFB1/HNFL-BD (Figure 7, compare lanes 11 -13 with
re used in all the lanes 14-16).
ntration of The specificity of the GCN4B1 chimeric protein was
(B) The further investigated using, in addition to the aI1-AT binding
Iz(lanes 1-3) site, two probes containing the perfect palindrome and the
eriments. The direct repeats. As depicted in Figure 7B, GCN4B1 paralleled
2x O-12 M the affinity of the wild-type LFB1/HNF1-BD protein for
The 35S-labelled these two sites.
obtained by in These results demonstrate that the 32 N-terminal amino
iCN4B1. acids are indeed responsible for protein dimerization and that

dimerization is a requisite for high-affinity sequence-specific
r the function DNA binding by LFBI/HNFI. However, the native
nited to DNA- dimerization domain can be replaced by the leucine zipper
had a role in domain of yeast GCN4 without loss of either DNA binding

protein dimer, affinity or specificity.
s in which we
X heterologous
rent structural
:ation domain
, then it would
eins would no
sites.
for the analysis
in substitution
fold. First, the

The ROP protein, a dimer of antiparallel hairpins, can
functionally replace the dimerization domain of
LFB 1/HNF1
The leucine zipper of GCN4 folds as a dimer of amphipathic
a-helices arranged in parallel. It has previously been
suggested by Pastore et al. (1991) that the dimerization
domain of LFB1/HNF1 also adopted a parallel configuration.

In order to see whether the helical topology of the
dimerization domain of LFB1/HNF1 was coupled to the
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orientation of the two protein monomers on the DNA
molecule, we designed an additional mutant protein in which
the natural dimerization domain was substituted by the whole
sequence of the ROP protein (ROPB 1). ROP is a small
dimeric protein that controls the replication of the ColEl
plasmid via regulation ofRNA-RNA interactions (Helmer-
Citterich et al., 1988). Each monomer (63 amino acids)
consists of two a-helices connected by a tight turn, the whole
molecule forming a highly regular four-helix bundle arising
from the antiparallel juxtaposition of the two monomer
hairpins (Banner et al., 1987). The packing of the
hydrophobic residues of the ROP a-helices is prototypic for
antiparallel coiled-coils.
While the ROP protein itself does not show any detectable

DNA binding activity with our probe (not shown), the
chimeric protein (ROPB1) bound to the al-AT DNA site
as tightly as the LFB1/HNF1-BD molecule (Figure 8A,
lane 1 and 2). Cotranslation of the ROPB l mRNA with that
encoding the wild-type ROP protein resulted in a marked
inhibition of DNA binding, consistent with the hypothesis
that the chimeric protein dimerizes by virtue of the ROP
folding unit (Figure 8A, lanes 3-5). In addition, as found
for the GCN4B1 mutant, ROPB1 formed a tight complex
with the DNA probe containing the idealized palindrome
(Figure 8B, lanes 1-3), but failed to bind significantly to
the inverted repeats (Figure 8B, lanes 4-6).
We draw the conclusion that dramatically altering the

spatial arrangement of the dimerization domain is not
paralleled by a substantial change of the ability of
LFBI/HNFI to bind to a specific DNA recognition
sequence. This finding suggests that the N-terminal
dimerization domain is flexibly linked to the rest of the
protein and plays no role in determining the orientation of
the protein monomers on the DNA binding site. Rather, the
role of the dimerization domain of LFB1/HNF1 appears to
be limited to guiding the formation of LFB1/HNF1 dimers
even in the absence of the appropriate DNA binding site.
In this way, the energy deriving from the strong
protein -protein interactions can be used to counteract the
loss of entropy associated with dimerization and formation
of a ternary complex with DNA. The net result is an
increased affinity for the palindromic DNA sites.

Discussion
Transcription factor LFBl/HNFI is a sequence-specific
DNA binding protein. All the information for high affinity
and sequence-specific binding is contained within the N-
terminal 281 amino acids: a recombinant protein spanning
this region bound as a dimer to the LFB1/HNF1 responsive
element contained within the promoter of al-AT at
concentrations of <101O M and 5000-fold more tightly
than to an unrelated sequence.
We investigated the mechanism by which these properties

are brought about. Our conclusions are summarized below.
All the characterized LFBl/HNFl binding sites fit a
palindromic consensus sequence in which two identical half-
sites are arranged as inverted repeats. Using artificial binding
sites containing ideal LFBl/HNFl half-sites, arranged either
in a palindrome as in the consensus binding site or as direct
repeats, we demonstrated that the binding domain of
LFB1/HNF1 requires two types of information: (i) the
sequence of the two half-sites, and (ii) their relative

Fig. 8. DNA binding properties of the dimerization domain
substitution mutant ROPBI. The ROPBI dimerization domain
substitution mutant was produced in vitro by transcription and
translation of the appropriate template as described in Materials and
methods and evaluated for its ability to bind to the al-AT, Pal and
DirRep synthetic duplexes in bandshift experiments. (A) The
dimerization domain substitution mutant ROPB1 (lane 2) was compared
with the intact BD (lane 1) for its ability to bind to the a l-AT probe.
The concentration of each mutant protein was estimated to be
-8 x 10-11 M. The complexes formed by ROPBl were competed by
co-translating the mRNA encoding wild-type ROP protein in a ratio of
0.5:1 (lane 3), 1:1 (lane 4) or 3:1 (lane 5) with the mRNA of ROPB1.
(B) The orientation of the two XL-homeodomains in the dimerization
domain substitution mutant ROPB1 was probed using the Pal (lanes
1-3) and DirRep (lanes 4-6) duplexes in bandshift experiments. The
protein concentration was - 10-1 rM (lanes 1 and 6), 2 x 10-12 M
(lanes 2 and 5) and 4x10-13 M (lanes 3 and 4).

arrangement on the DNA molecule. This finding suggests
that the relative orientation of the two XL-homeodomains
is constrained in the protein dimer.
We showed that region B contributes critically to site

recognition by two mechanisms. First, the presence of region
B seems to decrease the ability of the XL-homeodomain of
LFB1 to bind non-specific DNA sequences, perhaps by direct
masking of some of the contacts to the DNA backbone or
via subtler conformational effects. This eventually results
in a general 'inhibition' of DNA binding, mediated by the
B-region, that can be relieved by the dimerization of the
protein. An attractive possibility is that the presence of region
B affects the conformation of the adjacent N-terminal basic
residue cluster of the XL-homeodomain: the homologous
region of the Antennapedia homeodomain, which is
unstructured in the uncomplexed polypeptide (Billeter et al.,
1990), becomes ordered upon DNA binding and is
responsible for several minor groove contacts, both to
specific base pairs and to the phosphate backbone (Otting
et al., 1990; Percival-Smith et al., 1990). Restricting the
flexibility of this N-terminal arm could increase the protein
sequence specificity by allowing only a subset of all the
possible contacts.

Secondly, we were able to show that the dimer contacts
mediated by the presence of region B, albeit not strong
enough to drive DNA-independent dimerization, impose a
2-fold symmetry on the molecule, thus defining the
reciprocal orientation of the two XL-homeodomains in the
bound dimer. In this way, the B region increases the site-
specificity of the LFB1/HNFI XL-homeodomain severalfold
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by permitting recognition of only those sequences containing
properly oriented half-sites.

Profound alteration of the dimerization domain geometry
influences neither the specificity nor the affinity of the
LFB 1/HNF1 protein for its binding sites. This finding
suggests that the distal dimerization domain of LFB1/HNF1
is connected to the rest of the molecule via a flexible hinge
region. The symmetry of the DNA binding-core of the
protein is therefore uncoupled from the constraint imposed
by the structure of the dimerization domain. Consistent with
this conclusion, we showed in an earlier report (Nicosia
et al., 1990) that the 67 residue region between the A and
the B domains could tolerate a variety of mutations.

In this scenario, the role of the N-terminal dimerization
domain seems to be that of guiding the formation of protein
dimers, even in the absence of DNA, in order to raise the
affinity of the protein for specific DNA sites.
Another very important role of the dimerization domain

of LFBl/HNF1 could be that of providing the molecular
surface for the DNA-independent interaction with related
transcription factors, such as LFB3/vHNF1 (De Simone
et al., 1991). Heterotypic dimerization has in fact recently
emerged as an important way to expand the regulatory
diversity of transcriptionally active proteins (Lamb and
McKnight, 1991).
The properties of the isolated XL-homeodomain of

LFB 1/HNF1 are in many respects similar to those reported
for a number of other isolated homeodomains. They all
appear to bind to their DNA cognate sequences as monomers
and display very limited binding specificity (Laughon, 1991).
There is therefore a need to understand what gives
homeobox-containing proteins the strict specificity necessary
for the regulatory function in vivo.

In the case of the yeast a2 mating protein, the only other
homeoprotein shown to dimerize, it has been demonstrated
that the target specificity is determined by the interaction
with a second protein, MCM1, which sets the spacing and
the orientation of the two a2 homeodomains such that they
coincide with the position of the half-sites in the natural
operators (Smith and Johnson, 1992). In the case of
LFBl/HNF 1, we showed that region B plays the same role
as MCM 1 in constraining the orientation of the two
homeodomains relative to one another. Noticeably, the B
region acts on the same polypeptide and therefore in cis
rather than in trans as in the case of yeast MCM1.
The POU class of transcription factors (Herr et al., 1988)

is another well characterized example of homeobox-
containing proteins in which a second protein domain,
namely the POU-specific domain, augments the site-
specificity of the homeodomain (Rosenfeld, 199 1). However,
the mechanism by which the POU-specific domain
contributes to site-specificity has not yet been fully
elucidated. Region B shares some sequence homology with
the POU-A box of the POU-specific domain (Figure IA).
In contrast to LFBI/HNF1, members of the POU gene
family are largely monomeric in solution. Interestingly, while
POU proteins can bind DNA as monomers (Rosenfeld, 1991
and references therein), Oct-2, Pit-1 and CF1-a exhibit
cooperative DNA-dependent dimerization on certain cis-
active elements (LeBowitz et al., 1989; Ingraham et al.,
1990; Treacy et al., 1991). In addition, Oct-l and Pit-l have
been shown to bind cooperatively as a heterodimeric complex
on a responsive element within the prolactin promoter (Voss

et al., 1991). The POU-specific domain of these proteins
appears to be required for site-specific DNA binding, as well
as for the DNA-dependent protein -protein interactions.
Given the similarity of function with the LFB1/HNF1 B
region, it is tempting to speculate that the POU-A box of
the POU-specific domain contributes to the sequence
specificity of these proteins by determining the orientation
of the two POU-homeodomains in the DNA-bound dimer.

Finally, we would like to underscore the similarities of
functional architecture that exist between LFB1/HNF1 and
one of the better characterized bacterial helix -turn-helix
bacterial protein: the repressor encoded by the cI gene of
X phage (reviewed in Sauer et al., 1990). Like in the case
of LFB1/HNF1, the X repressor dimer is the fundamental
DNA binding species: a repressor dimer binds to a partially
symmetrical 17 bp operator site. The dimerization domain
of the protein is located at the C-terminus and is connected
via a flexible linker to the N-terminal DNA binding core.
The isolated N-terminal DNA binding domain, like our I-
POU mutant, is monomeric in solution but can establish
enough dimer contacts to bind operator sequences
cooperatively as a dimer. Furthermore, the protein -protein
contacts within the N-terminal DNA binding domain are
sufficient to define the structure of the bound dimer: a
chimeric protein in which the entire C-terminal moiety has
been substituted by a leucine zipper dimerization domain
functions as a repressor in vivo (Hu et al., 1990).

It is interesting to note that the affinity of DNA binding
depends critically on the dimerization energy of the protein,
in LFB1/HNF1 as well as in X repressor. As a consequence,
dissociation into monomers seems to be the event that limits
DNA binding at protein concentrations below the
dimerization constant (Chadwick et al., 1970; Figure 2A).
This makes the dimerization domain an ideal target to
modulate the DNA binding activity of these two proteins.
Recently, the cDNA coding for DCoH, a protein factor that
associates with LFBI/HNF1, was cloned (Mendel et al.,
1991). The protein encoded by this cDNA appears to
selectively stabilize LFB1/HNF1 dimers and its engagement
in a heterotetrameric complex eventually results in a strong
enhancement of LFBl/HNF1 transcriptional activity. Based
on our present data, we would like to suggest that this effect
is mediated at least in part by the increased resistance of
the dimer to dissociation. The extra dimer stability would
be in turn coupled to the thermodynamic stability of the
DNA -protein complex, resulting in a better site occupancy
at the protein concentration present in vivo.

Materials and methods
Synthetic oligonucleotides and plasmid construction
The following oligonucleotides, corresponding to the indicated binding sites,
and their respective complementary strands, were synthesized: ac1-AT,
CCTTGGTTAATATTCACCAGCA; C, CACTGCCCAGTCAAGTGTT-
CTTGA; BHalf, CCTTGGTTAATCGCGCAGAG; DirRep, GCTTGG-
TTAATGTTGGTTAATGC; and Pal, GCTTGGTTAATGATTAACC-
AAGC. The constructs pT7.7BD and pT7.7XL-HOM, containing
respectively the LFBl/HNFl DNA binding domain (amino acids 1-281)
and the XL-HOM sequence (amino acids 195-286) in the prokaryotic
expression vector pT7.7, were generously given by P.Monaci and A.Nicosia.
The plasmid pT7.7*-POU contained the coding sequence of LFBl/HNFl

from residue 101 to 281 and was constructed as follows: the BgllI-BamHI
fragment from mutant SM12 (Nicosia et al., 1990), containig the
LFBI/HNFI coding sequence starting from amino acid 101 and including
- 1 kb of the 3' untranslated region, was cloned in the EcoRIIBamHI sites
of pT7.7, after filling in the BglII and the EcoRI ends using Klenow. A
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double-stranded (ds) oligonucleotide (TAACTGAGTAGGATCCTACTCA-
GTTA), containing stop codons in all reading frames, was subsequently
cloned in place of the MscI-HindIl fragment.
To construct the plasmid pT7.7DIM-HOM, the NcoI-EcoRI fragment

spanning the LFBl/HNF1 dimerization domain up to P33 was excised from
the mutant IM2 (Nicosia et al., 1990). After filling in both ends with Klenow
enzyme, this fragment was inserted upstream of the XL-homeodomain after
blunting the NdeI site of pT7.7XL-HOM.
The plasmid pT7.7POU-A-HOM was constructed as follows: the DNA

fragment encoding the region between MIM4 and Y286 of wtLFB l/HNF 1
was generated by PCR and cloned in the NdeI site of pT7.7 after filling
in the ends with Klenow. The ds oligonucleotide containing stop codons
in all reading frames was subsequently inserted as described for
pT7.7l-POU.
pT7.7APOUA was generated in two steps: mutant SM8 (Nicosia et al.,

1990) was cut with BamHI and religated, producing the 'a' deletion mutant
lacking all the residues between K155 and E188. The DNA fragment
encoding the region between Klo, and Y286 of this latter mutant was
generated by PCR and cloned in the SmaI site of pT7.7. The ds
oligonucleotide containing stop codons in all reading frames was subsequently
inserted as described for pT7.7*-POU.
To construct the LFB1/HNF1 dimerization domain substitution mutants

LEUBI and ROPB1, two DNA fragments coding for the leucine zipper
sequence from R249 to R291 of the GCN4 protein and for the complete
sequence of the ColEl ROP protein respectively were amplified by PCR
using appropriate primers. Total yeast DNA and the plasmid pEXColEIROP
(a gift from D.Tsernoglou) were used as templates in the PCR reactions.
The two fragments were inserted, after filling in with the Klenow polymerase,
into the NcoIlSphI sites of the LFB1/HNF1 mutant Al (Nicosia et al., 1990)
from which the second NcoI site present in the LFB1/HNF1 coding sequence
at bp 133 was eliminated by site-directed mutagenesis.

Protein preparation
Proteins from pT7.7BD, pT7.7XL-HOM, pT7.7DIM-HOM and pT7.7*-
POU were expressed in the E coli strain BL21(DE3) as described by Studier
and Moffat (1986). After a 3 h induction with 0.4 mM IPTG, cells were
harvested and lysed by a French pressure cell in a buffer containing 20
mM Tris-HCI, pH 8.8, 100 mM NaCI, 1 mM dithiothreitol and 1 mM
EDTA (buffer A). After removing the cellular debris by high-speed
centrifugation (20 min at 50 000 g), the proteins of interest were precipitated
by adding ammonium sulfate to 40% (BD), 50% (l-POU) or 60% (XL-
HOM and DIM-HOM) saturation. The protein pellets were resuspended
and dialysed against buffer A and subsequently purified on a
heparin-Sepharose CL4B column eluted with a gradient from 0.1 to 1 M
NaCl. The fractions containing the proteins of interest were pooled, dialysed
against buffer A and further purified on a Mono S column using the same
gradient as above. Proteins were >95% pure at this stage, as determined
by SDS-PAGE. After salt removal by dialysis, proteins were stored in
buffer A at -80°C. The concentration of the purified protein was determined
by optical absorbance at 280 nm using an extinction coefficient calculated
from the deduced protein sequence as described by Cantor and Schimmel
(1980). The protein concentrations indicated in the DNA binding experiments
have been corrected for the fraction of active protein. The active protein
concentration was determined by gel retardation DNA titration at protein
and DNA concentrations well above the observed dissociation constant.
Typically, the fraction of active protein ranged between 60 and 90%.
The dimerization domain substitution mutants were synthesized using an

in vitro transcription/translation system in the presence of [35S]L-methionine
as previously described (Nicosia et al., 1990). 35S-labelled translation
products were analysed by SDS-PAGE, and the gel was treated with
Intensify (New England Laboratories), dried and autoradiographed.
The concentration of the LFB1-BD protein synthesized in vitro was

estimated by scintillation counting of the TCA-precipitable material and was
typically found to be between 0.5 and 1.0 fmol/,ul of translation mixture.
The concentrations of all the other in vitro synthesized mutants relative to
that of the LFBI-BD protein were estimated by densitometric scanning of
the autoradiographs.

Gel filtration chromatography
The native molecular weights of the purified LFB1/HNFl derivatives were
determined on a Pharmacia Superdex 75 HR 10/30 pre-packed column in
PBS buffer. The flow rate was 0.5 ml/min and the absorbance was recorded
at 280 nm. Bovine serum albumin (66 kDa), ovalbumin (45 kDa), carbonic
anhydrase (30 kDa), cytochrome c (12.5 kDa) and the oxidized B-chain
of bovine insulin (3.5 kDa) were obtained from Sigma and used as molecular
weight standards.

DNA binding studies
Gel retardation experiments were carried out by mixing the appropriate
amount of protein with radiolabelled ds oligonucleotide (0.1 -20 fmol) in
20 IAI of a buffer containing 20 mM Tris-HCl, pH 8.0, 50 mM NaCl,
5 mM MgCl2 0.5 mM EDTA, 1 mM DTT and 0.1% low-fat dried milk.
100 ng of poly(dI-dC) -poly(dI-dC) were used as non-specific competitor
DNA when specified. Binding reactions were incubated for 15 min at room
temperature. 5 Al of a 20% Ficoll solution per reaction were then added
and the samples were loaded on to a 6% native acrylamide gel (30:1
acrylamide:bis-acrylamide; 0.25 xTBE). Gels were run at 10 V/cm at room
temperature until the bromophenol blue dye had migrated 10 cm into the
gel. Gels were subsequently dried and autoradiographed. When quantification
was neccessary, radioactive bands corresponding to free and bound DNA
were excised and counted in Cerenkov mode.
The experimental data were interpolated by numerical simulation using

a personal computer spreadsheet program (KaleidaGraph 2.0, Synergy
Software). The following models were assumed. For the isolated XL-
homeodomain, XL-HOM, the experimental data were fitted to a simple
single-site binding isotherm (Affolter et al., 1990). For the intact binding
domain (BD) it was assumed that two monomers combined to form a dimer,
followed by binding of the dimer (BD2) to the al-AT site (D). The overall
reaction is

Kdim Kd(BD)
2BD+D - BD2+D = BD2-D

where Kdim is the equilibrium dissociation constant for BD dimerization,
and Kd(BD) is the dissociation constant of the complex between the BD
dimer and the acl-AT site. A thorough description of this model can be
found in Sauer et al. (1990).
The binding curves of the '-POU to the a(l-AT site (D) were generated

by a model that describes the consecutive interaction of two monomers with
the two half-sites:

Ka(l) Ka(I1)
2l-POU + D =h -POU-D + '-POU = *-POU2-D

where Ka(,) and Ka(,,) are the macroscopic association constant for the first
and the second monomers of '-POU, respectively.
According to this model, the fraction of cal-AT duplex complex with one

(0j) and two (4,I) protein molecules, are given by the following equations,
modified from Senear and Brenowitz (1991):

4i =

Oil =

Ka,(t-[*-POU]

+ Ka(I) *-POU] + Ka(I) Ka(II) *-POU]2

Ka(I) Ka(II) [*_poU]2

1 + Ka(-)[P-POUI + Ka(I).Ka(II)P[I_PoU]2
DNase I footprinting was performed essentially as described by Lichtsteiner

et al. (1987). DNA binding reactions were carried out in 50 jil of a buffer
containing 12.5 mM HEPES, pH 7.9, 0.5 mM DTT, 20% glycerol, 2%
polyvinylalcohol, 0. 1% Nonidet P40. After 15 min at room temperature,
50 /l of a solution containing 10 mM MgCl2, 5 mM CaC12 and 0.02 units
of DNase I (Boehringer Grade II) were added. Digestion was allowed for
1 min at 25°C and then stopped by adding 80 Al of a solution containing
20 mM EDTA, 1% SDS, 0.2 M NaCl and 250 Atg/ml yeast tRNA. The
DNA used in the footprinting assay was a fragment comprising the - 139/+2
region of the rat al1-antytrypsin promoter cloned into the M5/M9 vector
(P.Monaci and A.Nicosia, unpublished).
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