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The engrailed gene of Drosophila melanogaster is an integral member of the
highly complex cascade which results in a fully developed fruitfly. The
gene product of engrailed contains a homeodomain which is responsible
for DNA binding via a helix-turn-helix motif. The crystal structure of this
60 amino acid residue domain complexed to DNA is analogous to struc-
tures of other homeodomain-DNA complexes, consistent with the high
degree of sequence conservation within both protein and DNA. Despite
the high degree of homology, homeodomains do exhibit distinct prefer-
ences for certain DNA sequences. Such specificity may be at least partly
responsible for the interactions necessary for normal development. Using
the hydroxyl radical as a chemical probe, we have examined complexes
of Engrailed homeodomain with several DNA sequences to determine
the protein’s binding specificity in solution. We find that Engrailed forms
a single, specific complex with a unique DNA binding site which is ana-
logous to the complex seen in the co-crystal structure. In contrast, our
chemical probe experiments show that the binding site of Engrailed that
was determined by in vitro selection and that also was present in the co-
crystal structure contains two possible binding sites. Modification of the
sequence of this site to yield single binding sites removes the ambiguity,
and results in two different, well-behaved Engrailed-DNA complexes.
Our results underscore the utility of chemical probe experiments for
defining the variety of modes of interaction of proteins with DNA that
can occur in solution, but that might not be apparent in a crystal struc-
ture.
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The homeodomain is a highly conserved
sequence motif often found in proteins which regu-
late development in eukaryotes (Scott et al., 1989;
Morata, 1993). Many homeodomain-containing
proteins have been shown to bind to DNA and
thereby regulate transcription. The 60 amino acid
residues of the homeodomain fold into three alpha
helices and an unstructured amino-terminal “arm”.
Three-dimensional structural studies of homeodo-
main-DNA complexes (Kissinger et al., 1990;
Wolberger et al., 1991; Billeter et al., 1993; Hirsch &
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Aggarwal, 1995; Li et al., 1995; Wilson et al., 1995)
have revealed that helix 3 of the homeodomain
forms part of a helix-turn-helix motif and binds in
the DNA major groove. Several amino acid residue
side-chains of the homeodomain make specific
contacts with the DNA backbone and bases. The
N-terminal “arm” of the homeodomain interacts
with DNA bases in the adjacent minor groove.

An enigmatic aspect of the homeodomain is the
role of the sequence-specificity of DNA binding in
specifying developmental programs (Manak &
Scott, 1993; Chan & Mann, 1996; Li et al., 1996).
Homeodomains are closely related at the level of
protein sequence, and many homeodomains recog-
nize similar DNA sites having the common core
sequence TAAT (Ekker et al., 1991, 1992). Given
these similarities, then, how can one homeodomain
specify a particular developmental pathway at the
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expense of another? Since the DNA-binding home-
odomain constitutes only part of the whole devel-
opmental regulatory protein, a mechanism for
increasing specificity might involve the interaction
of other proteins with the remainder of the homeo-
domain-containing protein (Manak & Scott, 1993;
Chan & Mann, 1996). Indeed, for some homeopro-
teins, protein-protein interactions have been shown
to be important for developmental regulation
(Peltenburg & Murre, 1996, 1997). But other exper-
iments (homeodomain swaps, for example (Lin &
McGinnis, 1992)) have provided evidence that the
DNA binding specificity of the homeodomain itself
(Ekker et al., 1992; Li et al., 1996) is crucial to devel-
opmental specificity.

Insight into how homeodomains recognize
specific DNA sequences has come from high-resol-
ution X-ray and NMR structures (Kissinger et al.,
1990; Wolberger et al., 1991; Billeter et al., 1993;
Hirsch & Aggarwal, 1995; Li et al., 1995; Wilson
et al., 1995), mutational studies (Hanes & Brent,
1991), and in vitro selection experiments (Ekker
et al., 1991, 1992; Ades & Sauer, 1994). We have
become interested in a related problem, how a
homeodomain recognizes and binds to a set of
similar DNA sequences, since this is how the
homeodomain must function in a biological sys-
tem.

Engrailed is a segment-polarity gene found in
Drosophila  melanogaster whose product directs
proper segmental subdivisions in the embryo
(Hidalgo, 1996). The Engrailed protein acts as a
transcriptional repressor (Han & Manley, 1993).
Engrailed regulates the activity of other homeobox
genes such as ultrabithorax (Mann, 1994), and
in vitro transcription mediated by fushi tarazu or
transcription factor IID (Ohkuma et al., 1990).
Engrailed and the Drosophila extradenticle protein
can form a heterodimer and bind cooperatively to
DNA (Peltenburg & Murre, 1996). At the carboxyl
terminus of the Engrailed protein is a homeodo-
main. The Engrailed homeodomain has been crys-
tallized alone (Clarke et al., 1994) and in the
presence of DNA (Kissinger et al., 1990). Sub-
sequent in vitro selection experiments found that
the optimal binding site for Engrailed contains the
sequence 5-TAATTA-3 (Ades & Sauer, 1994),
which also was present in the co-crystal DNA
binding site (Kissinger et al., 1990).

Since Engrailed was the first homeodomain for
which the co-crystal structure was determined, it
has become a model for homeodomain-DNA com-
plexes. Indeed the complex of the Engrailed home-
odomain with DNA has a similar overall structure
to those observed for other homeodomain-DNA
complexes (Wolberger et al.,, 1991; Billeter et al.,
1993; Hirsch & Aggarwal, 1995; Li et al., 1995;
Wilson et al., 1995). We became interested in char-
acterizing how Engrailed binds to DNA in sol-
ution, in order to use it as a structurally
characterized model for other homeodomain-DNA
complexes we were studying using solution probe
methods (Draganescu et al., 1995). Our results,

though, reveal a surprising complexity in the selec-
tion of a DNA binding site in solution by
Engrailed, which is not reflected in the X-ray co-
crystal structure.

We first used hydroxyl radical footprinting to
determine the solution structure of the complex of
Engrailed homeodomain with a DNA sequence
related to the one used in the co-crystal (which we
call here the “co-crystal binding site’’). This DNA
molecule contains the high-affinity central binding
site found in the Engrailed homeodomain-DNA co-
crystal (Kissinger et al., 1990). The sequence of the
whole DNA molecule we studied is not precisely
the same as that used in the co-crystal structure.
We eliminated the weaker second binding site seen
in the co-crystal by putting a G-C base-pair at pos-
ition 2 and a C-G base-pair at position 4 (see
Figure 1 for base-pair numbering). A gel mobility-
shift experiment showed that Engrailed makes a
single complex with this sequence, with a dis-
sociation constant of ~15nM (data not shown;
Senear & Brenowitz, 1991).

Densitometric scans of both DNA strands from
the hydroxyl radical footprinting experiment are
shown in Figure 1(a). We were surprised to find
that the positions of strongest protection did not
correspond exactly to phosphate contacts assigned
in the co-crystal structure, G5-T7 on the top strand
and A10-T12 on the bottom strand (Kissinger et al.,
1990). The protected regions also are inconsistent
with those observed by hydroxyl radical footprint-
ing for the complex of either the Deformed (Dfd)
or Ultrabithorax (Ubx) homeodomain with its opti-
mal site (Draganescu et al., 1995).

The Engrailed co-crystal binding site contains
overlapping 5-TAAT-3' and 5'-ATTA-3' sequences,
which in principle could constitute parts of two
separate binding sites. Our footprinting experiment
suggests that in solution the Engrailed homeodo-
main is unable to distinguish between the two
overlapping TAAT core sequences in the inversion-
symmetric sequence 5-TAATTA-3' in the co-crystal
site, even though the sequences flanking these
overlapping sites are different (Figure 1). Instead,
Engrailed appears to be capable of binding to one
or the other of the two sites in a given DNA mol-
ecule, yielding a composite footprint which is
inconsistent with the backbone contacts observed
for this sequence in the co-crystal structure.

To test this hypothesis, we constructed two new
sequences which differ at a single base-pair from
each other and from the co-crystal site. One
sequence contains a C-G base pair at position 8§,
replacing an A-T base pair in the co-crystal site,
resulting in a binding site having just the single 5'-
TAAT-3' core to which Engrailed homeodomain is
bound in the co-crystal. We call this the “co-crystal
core” site. The other new sequence contains a G-C
instead of a T-A base-pair at position 11, leaving
the other potential TAAT core intact. We call this
the “other TAAT core” site.

Hydroxyl radical footprints clearly show that the
Engrailed homeodomain binds to only a single site
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Figure 1. Densitometric scans of hydroxyl radical footprints for the Engrailed homeodomain bound to a DNA mol-
ecule containing (a) the co-crystal site; (b) the co-crystal core binding site; and (c) the other TAAT core binding site.
The continuous line represents the hydroxyl radical cleavage pattern for free DNA; the broken line, the cleavage pat-
tern for the Engrailed homeodomain/DNA complex. Regions of protection are labeled with Roman numerals. Below
each pair of footprints is a schematic representation of the results. Filled boxes, strongest protection; hatched boxes,
moderate protection; open boxes, weakest protection. The TAAT core in each sequence is indicated by boldface type.
The following oligonucleotides were synthesized and inserted into plasmid Bluescript SK + :

co-crystal site  5'-AATTCTTGCCATGTAATTACCGACTC-3' other TAAT core 5'-AATTCTTGCCATGTCATTACCGACTC-3'

3’ ~GAACGGTACATTAATGGCTGAGAGCT-5' 3’ ~GAACGGTACAGTAATGGCTGAGAGCT-5'
co-crystal core 5 -AATTCTTGCCATGTAATGACCGACTC-3' Ubx-optimal 5'-AATTCTTGCCAGTTAATGGCCGACTC-3

3’ ~GAACGGTACATTACTGGCTGAGAGCT-5' 3’ ~GAACGGTCAATTACCGGCTGAGAGCT-5'

DNA was isolated, purified, and radiolabeled as described (Draganescu et al., 1995). Engrailed homeodomain was
expressed from plasmid pAR3038 (generously provided by T. Kornberg, University of California, San Francisco) and
purified as described (Bourbon et al., 1995). Binding of Engrailed homeodomain to DNA was carried out on ice for
30 min in Engrailed binding buffer, which consisted of 25 mM Hepes (pH 7.8), 50 mM KCI, 1 mM EDTA, 1 mg/ml
bovine serum albumin, 0.1% (w/v) NP40, 1% (v/v) glycerol, 0.5% (w/v) Ficoll, 10 mM DTT, and 50 mg/ml poly
dI-dC. Hydroxyl radical footprinting reactions (Levin et al., 1991; Dixon et al., 1991) were performed using 200 pM
Fe(Il) per 400 pM EDTA, 2 mM sodium ascorbate, and 0.03% (v/v) hydrogen peroxide (final concentrations) as the
cleavage reagent. After the footprinting reaction, the Engrailed-DNA complex was separated by native gel electro-
phoresis from free DNA (7.5% (w/v) polyacrylamide gel (acrylamide to bisacrylamide, 37.5:1, w/v) with 20 mM
Hepes (pH 8.3), 0.1 mM EDTA as the running buffer). Electrophoresis was conducted at 4°C at 20 mA constant cur-
rent. The band containing the Engrailed-DNA complex was excised from the native gel, and DNA was eluted by the
crush and soak procedure (Sambrook et al., 1989). Isolated DNA was electrophoresed on an 8% polyacrylamide-8 M
urea denaturing gel. The dried gel was imaged and analyzed as described (Draganescu et al., 1995).
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in each of the two new sequences (Figure 1(b) and
(c)). There are three regions of protection for each
sequence, two on one strand and one on the other.
For the co-crystal core site (Figure 1(b)), the stron-
gest protection occurs on the bottom strand at pos-
itions T9-T12. On the top strand, moderate
protection is centered at positions C4-G6 in region
I and A12-C13 in region II. A similar pattern is
observed in the footprint of Engrailed on the other
TAAT core site (Figure 1(c)). Strong protection is
apparent in region III, this time on the top strand,
at positions T7—-A9. There also is strong protection
of positions C6—A7 in region II, and G13 in region
I. Each of these footprints is consistent with the
expected protection pattern based on the co-crystal
structure and with the protection patterns pre-
viously observed for Ubx and Dfd (Draganescu
et al., 1995). We note that the footprinting patterns
for the two new sequences are inverted relative to
each other, as would be expected since the TAAT
sequence is on opposite strands for the two
sequences.

To further study the interaction of Engrailed
with these three binding sites, we used the miss-
ing-nucleoside experiment to determine the nucleo-
side-specific contacts made by Engrailed. In this
experiment (Hayes & Tullius, 1989), radiolabeled
DNA containing the binding site of interest is ran-
domly gapped with hydroxyl radical and then
incubated with the DNA binding protein. The
bound and unbound DNA populations are separ-
ated using non-denaturing gel electrophoresis.
DNA from the bound and unbound fractions is
isolated and then subjected to electrophoresis on a
denaturing polyacrylamide gel. Nucleosides
important for protein binding are revealed in the
denaturing gel as intense bands in the unbound
DNA fraction. These important nucleosides are
correspondingly depleted in the bound fraction.

Missing-nucleoside experiments with the co-
crystal binding site (Figure 2(a)) reveal an exten-
sive interference pattern which is inconsistent with
the specific contacts assigned in the X-ray co-crys-
tal structure. Removal of any nucleoside, on either
strand, between positions 4 and 11 is detrimental
to protein binding. This result is quite different
from that observed for the Ubx and Dfd homeodo-
mains binding to their optimal DNA sites
(Draganescu et al.,, 1995). Those interference pat-
terns closely matched specific protein-DNA inter-
actions assigned by NMR and crystallography for
homologous homeodomain-DNA complexes.

We therefore judge it to be unlikely that a single
Engrailed homeodomain actually makes specific
contacts with both DNA strands over a nine base-
pair region, as might be concluded from a cursory
examination of the missing nucleoside pattern in
Figure 2(a). This unusual interference pattern, like
the complex footprint discussed above (Figure 1(a)),
instead suggests to us that the Engrailed homeodo-
main is unable to distinguish between the two
overlapping binding sites within the 5-TAATTA-3'
sequence in the co-crystal binding site.

We also used the missing-nucleoside experiment
to examine the binding of Engrailed homeodomain
individually to the two TAAT sites contained
within the co-crystal binding site. The interference
signals observed for the co-crystal core (Figure 2(b))
and other TAAT core (Figure 2(c)) binding sites are
different from those found for the co-crystal site
(Figure 2(a)), but similar to the patterns previously
observed for Ubx and Dfd (Draganescu et al.,
1995).

Since our initial experiments showed that
Engrailed was apparently capable of binding in a
single orientation to a site containing a single
TAAT sequence (see Figure 1(b) and (c)), we
decided to examine the complex of Engrailed
homeodomain with an unrelated homeodomain
binding site which also had one TAAT sequence.
This sequence had been shown by in vitro selection
to be the optimal binding site for the Ubx homeo-
domain (Ekker et al., 1991, 1992). We previously
found that this sequence forms well-behaved com-
plexes with both the Ubx and Dfd homeodomains
(Draganescu et al., 1995).

The hydroxyl radical footprint of Engrailed
bound to the Ubx-optimal sequence (data not
shown; see Figure 3) is highly similar to those we
observed in our earlier studies of the Ubx and Dfd
homeodomains (Draganescu ef al., 1995). This foot-
print also is very similar to those seen with the
“single sites” produced by mutating the co-crystal
sequence (Figure 1(b) and (c)), and very different
from the footprint that Engrailed makes with the
co-crystal site itself (Figure 1(a)).

A “signature” hydroxyl radical footprinting pat-
tern is thus apparent for homeodomain-DNA com-
plexes (Sauer et al., 1988, Wolberger et al., 1991;
Draganescu et al., 1995). The homeodomain foot-
print consists of two protected regions, separated
by seven or eight nucleotides, on one DNA strand,
and a third footprint on the other strand between
the first two. This third footprint is offset by five or
six nucleotides in the 5 direction from the 5-most
footprint on the other strand, and by two or three
nucleotides in the 3’ direction from the 3'-most
footprint on the opposite strand.

We also examined the missing nucleoside inter-
ference pattern for Engrailed homeodomain bind-
ing to the Ubx-optimal site (data not shown; see
Figure 3). Removal of any nucleoside, on either
strand, within the TAAT core sequence affects pro-
tein binding. There is a moderate effect upon
removal of T9 and T10, but removal of any other
nucleoside within the core has a disastrous effect
on protein binding. Strong signals are also
observed at C7 and A13.

Summaries of the chemical probe data for
Engrailed binding to the Ubx-optimal site, and the
contacts found in the Engrailed co-crystal struc-
ture, are shown in Figure 3. One footprint corre-
sponds to phosphate contacts that are made by
Arg31, Arg53, Tyr25, and Lys57. This footprint cor-
responds to region I in the footprints shown in
Figure 1. A second footprint (corresponding to
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region III) fits well with the backbone contacts
made by Thr6, Trp48, and Lys55. This comparison
suggests that the amino acid residues of Engrailed
which make phosphate contacts in the co-crystal
structure are responsible for the DNA backbone
protections observed in the footprinting exper-
iment with the Ubx-optimal site.

As a final test of our hypothesis that the foot-
print we observe for Engrailed on the co-crystal
site (Figure 1(a)) is really the superposition of two

(@) Co-crystal binding site
Top Strand

footprints, we decided to attempt to simulate this
footprint by combining the footprints we deter-
mined for the two individual TAAT sites
(Figure 1(b) and (c)). The simulated footprint is an
excellent match for the experimental footprint
(compare Figure 1(a) and Figure 4). We emphasize
that we made no attempt to optimize the simulated
footprint by varying the contributions of the two
component footprints; we merely added them in
equal proportions. Nonetheless, the correspon-

Bottom Strand

(b) Co-crystal core binding site

Figure 2. Scans from missing nucleoside experiments for Engrailed homeodomain binding to a DNA molecule con-
taining (a) the co-crystal site; (b) the co-crystal core binding site; and (c) the other TAAT core binding site. Continu-
ous line, hydroxyl radical cleavage pattern of free DNA (the input DNA in the missing nucleoside experiment);
broken line, DNA recovered from the bound fraction. Base-pair 8 in the co-crystal core binding site, and base-pair 11
in the other TAAT core binding site, are marked by arrows. These are the sites of the base pair substitutions made to
isolate each of the two possible binding sites in the co-crystal sequence. Missing nucleoside experiments (Hayes &
Tullius, 1989) were carried out as described (Draganescu et al., 1995). Native gel electrophoresis was performed as for
the footprinting experiments described in the legend to Figure 1.
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dence between the observed and simulated foot-
prints demonstrates that the two alternative
Engrailed complexes with the co-crystal site must
be present in roughly equimolar amounts, despite
differences in the sequences flanking the two poss-
ible TAAT sequences.

In wvitro selection experiments identified the
sequence 5-TAATTA-3" as the optimal DNA bind-
ing site for Engrailed homeodomain (Ades &
Sauer, 1994). However, results from footprinting
and missing nucleoside experiments presented
here show that two different complexes are poss-
ible with this sequence. How can these apparently
conflicting results be reconciled? The in wvitro-
selected binding site sequence has inversion sym-
metry and could be the result of sequence selection
by Engrailed protein bound in two different orien-
tations. Once the 5-TAATTA-3' binding site had
been selected, all subsequent assays of binding affi-
nity of Engrailed homeodomain for optimal and
suboptimal sites used mobility shift gels (Ades &
Sauer, 1994). Since the two possible TAAT core
sequences overlap, only a single protein molecule
may bind at a time. Therefore only a single shifted
band would be observed, which corresponds to a
1:1 complex. We also observed only a single
shifted band in binding studies using the co-crystal
binding site. It is only when the results of foot-
printing or missing nucleoside experiments are

G G / Base Pair
A 1/ 1
3G C / / 2
A/ T |5 3
51 G Oc 4
2 6 Lcla 5
G C 6
G 7
C G 8
A 9
10
3T A 11
T 5' 12
T 13
51 G C 14
/ /T A |3 15
/G C 16

G C
(O Footprinting - Methylation Interference

examined that the possibility of Engrailed binding
in two orientations becomes apparent.

Finally, we presume that symmetry-breaking
which occurs during crystallization is the reason
why only one orientation of Engrailed bound to
DNA is observed in the co-crystal structure. In
other words, once one particular Engrailed-DNA
complex begins to crystallize, similar complexes
are selected out of the mixture of orientations in
solution during the formation of well-ordered crys-
tals.

In summary, hydroxyl radical footprinting and
missing-nucleoside experiments reveal that in sol-
ution the Engrailed homeodomain binds to a DNA
molecule containing a single TAAT sequence in an
analogous manner to that observed in the X-ray
co-crystal structure (Figure 3). We also find that
Engrailed binds to a more complex site, having
overlapping TAAT sequences (5-TAATTA-3'), in
more than one orientation. This result is of particu-
lar significance since it is this second sequence
which was used for the co-crystal structure of
Engrailed, and which was selected as the optimum
binding site by in vitro selection experiments. Our
results illustrate how the interaction of a protein
with DNA in solution can be more complicated
than is apparent from a crystal structure. This
work also demonstrates the value of chemical
probe experiments in characterizing high-affinity

D Missing Nucleoside

Figure 3. Left, helical projection summarizing hydroxyl radical footprinting (filled circles, strong; hatched circles,
moderate; open circles, weak), missing nucleoside (light gray filled boxes, strong; hatched boxes, moderate; light gray
outlined boxes, weak), and methylation interference (dark gray filled boxes, strong; dark gray outlined boxes, weak)
data for Engrailed homeodomain bound to the Ubx-optimal sequence. Right, helical projection summarizing base-
specific contacts (light gray filled boxes) and phosphate contacts (hatched circles) observed in the Engrailed homeodo-
main co-crystal structure (Kissinger et al., 1990). The amino acid residue of Engrailed that was assigned as making a
contact is connected by an arrow to the projection of the DNA helix.
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Figure 4. Simulated hydroxyl radical footprint for Engrailed homeodomain binding to the co-crystal site. Continuous
line, experimental hydroxyl radical cleavage pattern of free DNA; broken line, simulated cleavage pattern of the
Engrailed homeodomain-DNA complex. The simulated footprint is represented schematically below the scans. Densi-
tometric scans of footprint gel lanes for Engrailed bound to the co-crystal core site and to the other TAAT core site
(see Figure 1(b) and (c)) were scaled to overlay precisely in regions outside the protein binding site, using Microsoft
Excel. The two scaled scans were then added together point by point to generate the simulated footprint (broken

line).

DNA binding sites that are recovered by in vitro
selection. We conclude that although the sequence
5-TAA-3" might be sufficient to bind Engrailed
homeodomain (Pan et al., 1995), this protein can
show differential recognition of highly similar
binding sites.
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