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Abstract
FOX (forkhead box) transcription factors have diverse regulatory roles in development, signaling,
and longevity, as well as being able to bind stably to target sites in silent chromatin. Crystal structure
analysis showed that the FOXA DNA binding domain folds into a helix-turn-helix (HTH) motif
flanked on either side by “wings” of polypeptide chain. The wings have the potential to interact with
the DNA minor groove along the long axis of the DNA helix, flanking the HTH interactions with
the major groove. Diverse FOX family homologs exist, and structural studies with certain DNA target
sites suggest that neither of the wing regions are well ordered or provide a stable contribution to DNA
target site binding. However, FOXA1 binds certain DNA target sites with high affinity, and as a
monomer. To determine whether the wing domains contribute to stable DNA binding, we assessed
complexes of FOXA with high and lower affinity DNA target sites by hydroxyl radical footprinting
and site-directed mutagenesis. The data revealed clear protections predicted for wing interactions at
the high affinity target, but less so at the lower affinity target, indicating that the wing domains stably
interact with high affinity DNA sites for FOXA proteins.
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The FOXA (forkhead box A) transcription factors, FOXA1 (HNF3α), FOXA2 (HNF3β), and
FOXA3 (HNF3γ), were initially discovered to regulate liver- and other gut organ-specific
genes 1, and then to be necessary for the development of the endoderm and liver 2; 3; 4. FOXA
target sites in chromatin are occupied in gut progenitor cells in embryos 5; 6, purified FOXA1
transcription factor can bind stably to its target sites on nucleosomes 7; 8, and FOXA factors
help other proteins engage nearby sites in chromatin 9; 10. Thus, FOXA1 qualifies as a “pioneer
factor,” capable of dominantly entering silent chromatin and initiating regulatory events 11.
Recent genome-wide binding studies of FOXA1 emphasize the need to better predict where
the factor binds DNA with high affinity 12. The goal of this study is to better understand the
mechanism of FOX factor interactions with DNA.

The FOXA homologs govern gut development in flies 13, worms 14; 15, frogs 16, and fish
17; all are related by a highly conserved, ∼110 amino acid DNA binding domain. Sequence
variants of this domain define the classes FOXA-FOXQ 18; 19. Humans, for example, contain
43 FOX factor genes. FOX factors of different classes function in diverse gene regulatory
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contexts, including the development of non-gut tissues, signal transduction, and longevity
19.

In a co-crystal with DNA, part of the FOXA3 DNA binding domain folds into a helix-turn-
helix (HTH) structure that protrudes into the DNA major groove and makes base-specific
contacts for target site recognition (20; Fig. 1A, “HTH”). Two loops, or “wings,” of polypeptide
chain flank the HTH region, allowing the protein to bind DNA along the long axis. Wing 2
makes DNA minor groove contacts in the crystal (Fig. 1A). Wing 1 extends from the other
side of the HTH along the long axis of DNA. The DNA used for FOXA3 crystallization
contained an incomplete target sequence (Fig. 1A, segment with base pairs shown; Fig. 1B)
and was too short to determine if there were direct DNA contacts for wing 1. Recent studies
of FOXK1 (formerly called ILF-1) co-crystals with a longer DNA substrate showed that indeed
wing 1 makes direct base and phosphate contacts in the DNA minor groove 21. However, two
molecules of FOXK1 were unexpectedly bound on opposite sides of the DNA in the crystal
asymmetric unit, and this FOX factor lacks wing 2, having another alpha-helix in its place.
NMR studies of FOXD3 (formerly called Genesis) bound to a long DNA segment concluded
that wing 1 interacts with the DNA minor groove, but the interactions are relatively weak and
unstable, and that wing 2 is not well ordered 22. Furthermore, wing 2 was shown to be
dispensable for target site binding by FOXJ2 protein23.

In summary, studies of FOXD and FOXJ factors suggest that one or both of their wing regions
do not make stable DNA contacts, and the crystal structure failed to resolve the issue for wing
1 of FOXA3. However, our prior studies with purified FOXA1 showed that it binds a functional
site at the albumin gene enhancer eG site with high affinity (kD ∼0.15 nM)24. Also, an optimal
FOXA binding consensus, derived from a SAAB analysis 25 and related to one created by
sequence comparison 26, contains DNA sequences upstream of the region bound by the HTH,
and thus would be predicted to be bound by wing 1 (Fig. 1A, B). To better understand how
FOXA1 protein binds its targets so efficiently as a monomer, we first performed hydroxyl
radical footprinting. In contrast to bulky nuclease probes, hydroxyl radicals have a solvent
radius of ∼1.4 Å and thus are highly sensitive to close protein-DNA interactions 27.

Hydroxyl radicals attack each ribose moiety along the phosphodiester backbone of DNA, and
thus are sensitive to both major and minor groove binding 25; 28. As seen in Fig. 2 and denoted
in Fig. 1B, FOXA1 protein protects two regions at each of the albumin enhancer eG and eH
sites from hydroxyl radical cleavage, on both the top and bottom strands of DNA. These data
are representative of 3 independent footprinting experiments using different cleavage
conditions. It was previously shown that FOXA1 binds the eG site with a 3-4x higher affinity
than the eH site 24; consistent with this, the eG site footprints are stronger than that for eH
(Fig. 2). Comparison of the eG site with the FOXA binding site consensus 29 and the
crystallization DNA (Fig. 1B) allowed us to unambiguously orient the protein on the eG
sequence (Fig. 1A), and thus determine which wing domain gives which hydroxyl radical
protections (Fig. 1B).

We find that about 5 contiguous bp of DNA are protected by FOXA1 on each of the top and
bottom strands in the downstream “half” of the eG site (Fig. 1B, 2). Based on modeling, at
least half of these protections appear to be due to wing 2 interactions (Figs. 1A, and 2). The
eH site also exhibited clear protections in the domain that would be bound by wing 2 in the
crystal (Fig 1B). Thus, FOXA1 wing 2 exhibits strong and stable contacts with DNA in
solution, in contrast to that reported for FoxD3 and FoxJ2.

After a ∼5 nt gap up the gel, half a helical turn, additional nt are protected by FOXA1 at the
upstream “half” of the eG site (Fig. 1B, 2). This corresponds to where wing 1 of the protein
would make minor groove contacts, if the DNA structure in the original crystal was extended
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(Fig. 1A, pink bases denoted at top). Notably, the eH site exhibited weak protections at the
wing 1 position (Fig. 1B, 2), likely reflecting the lower affinity of FOXA1 for this sequence,
as seen in DNase footprinting and electromobility shift assays 24; 30. We conclude that at the
eG site, both the wing 1 and wing 2 domains of FOXA1 interact closely and stably with DNA.

To directly assess the ability of wing 1 interactions to help confer high-affinity binding to the
eG site by FOXA1, we mutated the eG sequence in two ways. First, we substituted wing 1
interactions from the weaker eH site into the eG site, to create the sequence designated eG-
W1eH (Fig. 3A). This involved two transitions and one transversion of the sequence. Second,
we introduced three transversions to create the sequence designated eG-W1mut (Fig. 3A); the
first two transversions are in the relative positions of bases that are contacted by FOXK1 in its
co-crystal with DNA 21. Variant and wild type double-stranded oligonucleotides were labeled
and tested in quantitative electromobility shift assays for binding to a dilution series of purified
FOXA1 protein (Fig. 3B). Quantitation of the data showed that at the 2 femtomole level of
FOXA1, both the eG-W1eH and eG-W1mut DNAs bound about 30% poorer than the wild
type DNA (p=0.01 and p=0.03, respectively), and at the 0.5 femtomole level of FOXA1, they
bound about 50% poorer than wild type (p=0.05 for both). These data extend those of a prior
study which showed that a single base pair change in the wing 1 binding region affected DNA
binding 26. We conclude that wing 1 interactions are crucial for optimal and specific binding
of FOXA1 to a target DNA site.

Our data show that FOXA1 interacts closely with one face of the DNA, along its long axis, for
nearly a turn and a half of the helix. We suggest that the previous data indicating weak, dynamic
interactions of the FOX protein wings with DNA could have been due to the use of non-optimal
DNA target sequences in the analysis. For example, the wing 1 protections by FOXA1 at the
eH site were significantly fainter than at the eG site, correlating with weaker affinity for eH
30; 31, and in vivo footprinting studies showed that in embryonic endoderm, the eG is occupied,
but not the eH site 5; 6. Furthermore, conversion of the higher affinity eG sequence contacted
by wing 1 to the corresponding sequence of the lower affinity eH site reduced the affinity of
FOXA1 to the DNA (Fig. 3B, C). Since both the eG and eH sites are functional in adult liver
cells 30,31, but the eG site is occupied earlier in development than the eH site, our findings
indicate that variation in wing 1 affinity is used by FOXA1 target sequences for differential
recruitment of the factor.

Although the FOXA3 crystallization DNA was short, it had a 15 degree bend in the structure
20. Subsequent studies showed that FOX factors bend DNA considerably 32, they
preferentially bind pre-bent DNA 33, and they stably bind DNA that is curved around a
nucleosome core particle 34. Our data showing the specificity of wing 1 interactions with DNA
suggest that the interactions play an important role in allowing FOX factors to bind one side
of the DNA helix, thereby allowing other transcription factors or histones9; 34 to bind the other
side in a transcription factor or nucleosomal complex. This property may be crucial for the
pioneering activity of FOXA proteins in chromatin and transcriptional activation 10, 11.
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Figure 1.
Structure of the FOXA3-DNA complex, target sequence alignments, and hydroxyl radical
footprinting. A. Image of the FOXA3-DNA co-crystal 20 generated with RasMol 2.6 (courtesy
of Roger Sayle). The sequence of the albumin enhancer eG site is superimposed on the DNA;
bases highlighted in pink are where the phosphodiester backbone was protected from cleavage
by hydroxyl radicals in our experiments. The GAAT DNA segment at the top, without base
pairs, was not present in the crystal and is shown hypothetically in the image. The image also
shows the polarity of the DNA strands, the helix-turn-helix (HTH) motif and the “wings” of
polypeptide chain of FOXA3 (green). B. Sequence alignments of the FOXA consensus
determined by SAAB 29, the oligonucleotide used for crystallization, and the eG and eH sites
of the albumin enhancer, where FOXA proteins bind and activate transcription 30; 31. The
wing 1 and wing 2 regions are denoted, relative to the HTH region, based on FOXA3-DNA
contacts in the co-crystal, including any direct wing contact to a base or its 5′ phosphate, or an
indirect contact via a water molecule. The positions of hydroxyl radical protection are shown
by black dots above and below the eG and eH site sequences; see data in Figure 2.
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Figure 2.
Hydroxyl radical footprinting of FOXA1 bound to DNA. Autoradiograph of a footprinting gel
used to map hydroxyl radical protections by mouse FOXA1 protein, which was purified as
described 24; 34. The gel depicts a fragment of the albumin enhancer from 472-651 31, end-
labeled on the bottom strand (lanes 1-6) or top strand (lanes 7-12). Lanes 1 and 7 represents G
sequence ladders generated by cleavage with dimethyl sulfate. Lanes 2 and 8 contained no
hydroxyl cleavage reagents or FOXA1. The DNA sequence and FOXA1 binding conditions
were as described 34, except that after 30 min binding in 17 μl reactions with 5 nM FOXA1,
1 μl of 200 μM Fe(II) EDTA, 3% H2O2 was added and the reactions were brought to 100 mM
ascorbate. The reactions went for 2 min at room temperature and then 15 microliters of 5%
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glycerol were added. The reactions were diluted with 70 μl TE buffer, 2 μl of 10 mg/ml tRNA
were added, and the DNAs were precipitated and run on a 6% polyacrylamide DNA sequencing
gel. Gels were exposed to phosphorimager plates (Fuji BAS 2500) and X-ray film.
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Figure 3.
Site directed mutagenesis of the wing 1 interaction region of the high affinity eG site for
FOXA1. A. Top strand of double-stranded oligonucleotide sequences of the eG site and
variants are shown. Black dots indicate positions of top strand hydroxyl radical protections
within the eG site. Boxed regions indicate sequences changed in the eG-W1eH and eG-W1mut
variants; see text for details. B. Electromobility shift assay (EMSA) with 0.05 ng of end-labeled
probes and designated femtomole (fmol) amounts of purified FOXA1 protein, as described
30 except for the addition of 5 ug of bovine serum albumin. Free probe is at the bottom of the
gel; the arrowhead depicts a FOXA1-eG site complex. C. Data for two EMSA experiments
quantitated on a phosphorimager and plotted as average percent of wild type probe bound at
each designated amount of FOXA1 protein. The 2 and 0.5 fmol amounts of FOXA1 are bound
30% and 50% less well, respectively, to the variant eG sites compared to the wild type eG site
(p=0.01 to 0.05; see text).
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