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Structure of the Even-skipped homeodomain
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even-skipped is a homeobox gene important in con-
trolling segment patterning in the embryonic fruit fly.
Its homeobox encodes a DNA binding domain which
binds with similar affinities to two DNA consensus
sequences, one AT-rich, the other GC-rich. We describe
a crystallographic analysis of the Even-skipped homeo-
domain complexed to an AT-rich oligonucleotide at 2.0
A resolution. The structure reveals a novel arrangement
of two homeodomains bound to one 10 bp DNA
sequence in a tandem fashion. This arrangement sug-
gests a mechanism for the homeoproteins’ regulatory
specificity. In addition, the functionally important res-
idue GInS0 is observed in multiple conformations
making direct and water-mediated hydrogen bonds
with the DNA bases.
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Introduction

even-skipped (eve) is a member of the pair-rule class of
segmentation genes in Drosophila melanogaster, required
for the establishment of segment patterning in the develop-
ing embryo (Nusslein-Volhard and Wieschaus, 1980). The
gene encodes a protein (Eve) that functions as a repressor
and possibly as an activator of transcription (Biggin and
Tjian, 1989; Jiang et al., 1991; Manoukian and Krause,
1992; Han and Manley, 1993; TenHarmsel et al., 1993).
The DNA binding activity of Eve is primarily due to a
conserved 60 amino acid region known as the homeo-
domain (HD), located near the N-terminal end of the
protein (Hoey and Levine, 1988; Hoey et al., 1988). HDs
have now been found in a variety of developmentally
important proteins isolated from organisms ranging from
yeast to man (Gehring et al., 1994).

HD sequences can be grouped into several classes based
on various sequence criteria (Biirglin, 1994). The Eve
class of HDs has now at least 10 members. Amongst
invertebrates, homologs of the Eve HD have been found
in grasshopper (Patel et al., 1992) and sponge (Miles and
Miller, 1992). Vertebrate homologs have been found for
zebrafish (Joly et al., 1993), mice (Bastian and Gruss,
1990) and humans (D’Esposito et al., 1991; Faiella et al.,
1991). The Eve HD has been extraordinarily conserved
over evolution, with only two differences out of a possible
60 from fly to humans. In all cases, the Eve homologs
appear to play an important role in development. More
specifically, Eve participates in neuronal development in
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several different species (Doe et al., 1988; Bastian and
Gruss, 1990; Patel er al., 1992).

The Eve HD has been shown to bind with approximately
equal affinity to two categories of DNA consensus
sequences, derived from the engrailed and eve promoters:
an AT-rich site (10 bp) and a GC-rich site (9 bp) (Hoey
and Levine, 1988; Hoey et al., 1988). The AT-rich sequence
(TCAATTAAAT) is bound by many different HD proteins
in vitro (Desplan et al., 1988; Hoey and Levine, 1988).
Crystallographic analyses of Engrailed (En) (Kissinger
et al., 1990) and Mata2 (Wolberger et al., 1991) HDs and
NMR spectroscopic analysis of the Antennapedia (Antp)
HD (Otting et al., 1990) complexed to AT-rich oligonucleo-
tides have helped to define the DNA core sequences
important for binding: ATTA for En and Antp and GTAA
for Mato2. We report here the three-dimensional structure
of the Eve HD complexed to two repeats of its AT-rich
consensus sequence at 2.0 A resolution.

Results

Crystallography

Initially we expected that one HD would bind to one
10 bp consensus sequence. In vitro experiments with HDs
implied an 8-9 bp preference (Ekker et al., 1991). Also,
DNase I footprinting protected an ~10 bp length (Hoey and
Levine, 1988; Hoey et al., 1988), while other biochemical
studies had shown that HDs bind as monomers (Affolter
et al., 1990; Florence et al., 1991). Thus it was a surprise
when we discovered that two HDs are bound by one 10 bp
consensus sequence in a tandem fashion. HD I binds to
one face of the DNA and HD II binds to the opposite
face, each with their recognition helices fitting properly
in the major groove (Figures 1 and 2). This novel
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Fig. 1. At the top is shown the DNA oligomer used for co-
crystallization. Arrows over the sequence indicate the consensus
sequence (Hoey and Levine, 1988; Hoey et al., 1988). 1 and * denote
thymines substituted by iodouracils in derivatives Iodo1 and Iodo2
respectively (see Table I). The bottom duplex is a magnification,
showing the tandem binding arrangement of HDs. Due to translational
mixing of the DNA in the crystals both HDs bind to the averaged site
AATTA/C (see text). The ATTA/C core sequences have been shaded
for emphasis.
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Homeodomain complexed to DNA

Fig. 2. Eve HD binds in a tandem fashion on opposite faces of the DNA. The recognition helix fits into the major groove and the flexible N-terminal
arm lies in the minor groove. (A) A schematic representation of the complex. The DNA (colored yellow) is the 10 bp duplex shown at the bottom of
Figure 1. Drawn with Raster3D (Merritt and Murphy, 1994). (B) A stereo representation. Drawn with MOLSCRIPT (Kraulis, 1991).
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helix 3

Fig. 3. Schematic diagram of the Eve HD polypeptide sequence. The black boxes over the sequence indicate a-helices. The secondary structure
assignment was performed with the algorithm of Kabsch and Sander (1983) as implemented in PROCHECK (Laskowski et al., 1993). Amino acids
which are enclosed in boxes are those conserved within the Eve class of HDs and represent differences from the consensus HD sequence arrived at

by Biirglin (1994).

configuration vividly illustrates the modular nature of HD-
DNA recognition. The configuration bears resemblance to
the POU domain—-DNA complex structure (Klemm ez al.,
1994); both result in helix—turn-helix (HTH) binding on
opposite faces of the DNA.

Closer inspection of the 10 bp consensus sequence
reveals the basis for the binding of two HDs. The sequence
contains two directly repeated subsites, AATTA and
AATTC, that differ by only 1 bp. In Figure 1 we have
shown HD I and HD II as interacting with subsites AATTA
and ATTAC. This is for convenience, because, due to
translational mixing of the DNA in our crystals (see
Material and methods), the sequence bound by both HDs
is in essence the same and an average of the two subsites
(AATTA/C). (Unlike the DNA, the two HDs remain
unaveraged, as evidenced by distinct electron densities for
residue GIn50; see Materials and methods.)

Protein conformation
The conformation of both HDs is, as expected, tri-o-
helical with an N-terminal arm that lacks secondary
structure. Helices 1 and 2 are anti-parallel, while helix 3,
also called the recognition helix, runs perpendicular to
them. Helices 1 and 2 are connected by a loop of six
residues which are in an extended conformation with
alternating residues either exposed or buried in the core
of the domain. Helices 2 and 3 are connected by a turn
and represent the helix—turn—helix motif (see Figure 3).
The hydrophobic core of the polypeptide is a parallele-
piped circumscribed by helices 1 and 2 on one side and
helix 3 on the other. The non-polar residues Phe8, Leul6,
Phe20, Val26, Leu34, Leu38, Leud0, Ile45, Trp48 and
Phe49 play the primary role in defining the core. These
residues are amongst the most conserved in HDs. In
addition, the aliphatic arms of charged and polar residues,
such as Arg31, Arg52 and Glu4?2 are buried and contribute
to the core. The basic fold is further stabilized by intra-
helical and interhelical salt bridges at several locations.
Specifically, ion pairs between Argl5 and Glul9, Arg30
and Glu33 and Arg52 and Asp56 represent intrahelical
interactions. Interhelical salt bridges are found between
Glul7 and Arg52 (helices 1 and 3), Glul9 and Arg30/
Arg31 (helices 1 and 2) and Arg28 and Glu42 (helices 2
and 3). Interestingly, the structure of the En HD shows
some residues in common with Eve that are ion paired in
the same way (Clarke et al., 1994). Furthermore, many
of the Eve residues involved in salt bridge formation are
conserved across HD classes.
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A superposition with the DNA-bound En HD gives an
r.m.s. deviation of 0.9 A for all Cow atoms. Eve HD is
43% identical with the En HD, but has been classified by
several sequence criteria to represent an independent class
of HDs (Scott et al., 1989; Biirglin, 1994). Superposition
with the Mata2 HD (25% identity), beginning at residue
9 and not including the three amino acid insertion at the
C-terminus of helix 1 in Mata2, gives an r.m.s. deviation
of 1.2 A. From these superpositions it is clear that the
conserved differences between families and even classes
represent more subtle distinctions beyond the basic fold
of this domain.

The trajectory of the N-terminal arm in Eve differs
from the En structure, as it appears to follow the minor
groove versus reaching across it. Such a trajectory enables
Eve to hug the minor groove, with the long and bulky
side chains that comprise the arm inserting into the groove.
The arm is also positioned to make backbone contacts.
Residues preceding Thr6 presumably adopt their extended
conformation only upon association with DNA. The crystal
structures of the En HD with and without DNA and
solution NMR studies of the Antp HD alone (Qian et al.,
1989) suggest that these residues shift upon DNA binding.

DNA conformation

The DNA conformation is in the canonical B form, with
an average twist of 35.9° and an average rise of 3.41 A
(Lavery and Sklenar, 1988). The propeller twist in some
AT base pairs is considerable (maximum of —-25.2°), but
in the range of twists present in other studies containing
AT base pairs.

A comparison of the DNA to the En and Mata2 DNA
structures shows that the major groove in the Eve complex
does not close around the recognition helix to the same
extent. The trajectory of the phosphate backbone differs
by several Angstroms in this region (Figure 4). Thus the
curvature of the DNA in the Eve complex is substantially
less than in the En complex. This difference may be
caused by the binding of two Eve HDs on opposite
DNA faces, requiring the DNA to adopt a ‘straighter’
conformation.

Protein-DNA interface

Protein—-DNA contacts arise primarily from the recognition
helix (helix 3), which projects across the major groove of
the DNA, and the N-terminal arm, which winds along the
minor groove. The structures of En and Antp HD com-
plexes have defined an ATTA (or TAAT on the comple-



Homeodomain complexed to DNA

Fig. 4. A stereo plot of the En DNA (black) and the Eve DNA (red) phosphate backbones. The complexes were superimposed by matching the Cou
atoms from the respective HDs. The view is along the recognition helix axis. As discussed in the text, the En DNA closes around the recognition

helix to a greater extent than the Eve DNA.

mentary strand) core sequence important for these
interactions. Eve HD I and HD II interact with a matching
ATTA/C core sequence (labeled bp 14 in Figure 5).
Electron density of the interface between the recognition
helix and the major groove is well defined (Figure 6).

Val47, Asn51, Met54. Contacts that are in common with
the previous structures include hydrophobic interactions
between Val47 and the methyl group of thymine of bp 1
and bidentate hydrogen bonds between AsnS1 and the
adenine of bp 2. These contacts explain the very strong
conservation of Ile/Val47 and the absolute conservation
of Asn51 in all HDs (Biirglin, 1994). We also observe in
both Eve HDs Met54 making van der Waals contacts to
the N7 atom of the adenine of bp 1. In En, Met54 is
replaced by an alanine residue, consequently no such
interaction was seen in the crystal structure. The Antp
structure, however, indicates a similar contact as Eve.

N-terminal arm. Base pairs 3 and 4 of the core sequence
are contacted in the minor groove by residues Arg3,
Tyr4 and Arg5 from the N-terminal arm. Arg5 is highly
conserved amongst different HDs and in previous struc-
tures it interacted with thymine at position 4. In our
structure Arg5 occupies a similar position, with the poten-
tial to hydrogen bond to either O2 of thymine or N3 of
the guanine of the averaged AT/CG base pair. Tyr4 is
unique to the Eve class of HDs (En contains a proline
and Antp contains a glycine) and its interaction with an
adenine at position 3 may be one of the factors that leads
to a different path for the N-terminal arm in Eve. One of
the consequences of this movement of the N-terminal arm
is that Arg3 is pushed up towards the adenine of bp 2.
This interaction contrasts with the En structure, in which
Arg3 reaches over to the thymine at position 3, and it
differs dramatically from the Antp structure, in which
Arg3 reaches all the way down to the phosphate group of
the guanine at position 5. Thus, even though Arg3 is
highly conserved between different HDs, it can interact
with DNA differently depending upon the trajectory of
the N-terminal arm. Refined atomic B factors for these
residues show high relative values, indicating that the
polypeptide chain in this region is highly mobile.

GIn50. The amino acid at position 50 in HDs is considered
to be the primary residue responsible for the selection of
different HD DNA binding sequences (Hanes and Brent,
1989, 1991; Treisman et al., 1989). The residue has been
shown to confer specificity for base pairs preceding the
ATTA core sequence. For instance, replacement of Lys50
in the Bicoid HD by a glutamine residue results in a
change of specificity from GGATTA to CAATTA. Yet
despite its demonstrated importance, the structural role of
residue 50 has remained somewhat ambiguous: in the En
structure GInS0 is seen to form van der Waals contacts
with the thymine of an AT base pair at position —2; in the
Antp structure GIn50 is close to a cytosine of a GC base
pair at position —1 and the thymine of an AT base pair at
position 1. From our structure it appears that part of the
reason for the ambiguity is the inherent plasticity of
GIn50. We observe three different conformations for GIn50
(Figure 7). In HD I, GIn50 forms direct hydrogen bonds
with the AT base pair at position 1, donating a hydrogen
bond to O4 of thymine and accepting a hydrogen bond
from N6 of adenine (Figure 8A). In addition, the electron
density suggests an alternate conformation in which the
side chain places the O¢ atom within hydrogen bonding
distance of N6 of the adenine of the AT base pair at
position —1. In HD II a third conformation for GIn50 is
observed, in which the residue forms a water-mediated
bond to O4 of thymine (bp 1) and a possible van der
Waals interaction with the base pair at position —2 (Figure
8B). The side chain of GIn50 is fixed in position by a
hydrogen bond to Lys46. This conformation of GIn50
strongly resembles the En HD conformer, but no water
molecules were modeled in the En structure due to its
lower resolution.

Protein-DNA backbone. Contacts to the DNA backbone
arise primarily from the N-terminal arm, the loop between
helices 1 and 2 of the HD and the recognition helix. Residues
Thr6 and Lys57 are close (<3.1 A) to the DNA backbone
and well positioned to make direct hydrogen bonds, while
Phe8, Tyr25 and Trp48 are further away (~3.8 A) and prob-
ably involved in van der Waals and/or electrostatic inter-
actions with the backbone. The positively charged residues
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Fig. 5. (A) Schematic diagram of the contacts between Eve HD I and DNA (bp —2L to 4L). Contacts occur in both the major and minor grooves and
with the phosphate backbone. The ATTA/C core sequence is shown shaded. The DNA atoms labeled are those involved in contacts with the protein.
GIn50 contacts are drawn in red. Side chains not depicted are enclosed in boxes. (B) Schematic diagram of the contacts between Eve HD II
recognition helix and DNA. Contacts in the minor groove are identical to Eve HD 1.

Arg28, Arg31, Lys46, Arg53 and LysSS are at distances will depend on both distance and local shape of the protein—
ranging from 3.8 to 7 A from the phosphate groups and DNA interface (Honig and Nicholls, 1995). Most of these
presumably contribute to binding through electrostatic residues (especially Arg53) are highly conserved across HD
interactions. The strength of these electrostatic interactions classes, underscoring their functional importance.
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Homeodomain complexed to DNA

Fig. 6. A portion of the refined electron density from a 2Fy—F, map at 2.0 A, contoured at the 15 level, showing the protein-DNA interface of HD
I. The view is along the recognition helix. Water molecules are shown as red crosses.

Surface area. Burial of solvent-accessible surface area is
thought to be a major driving force in macromolecular
association (Ha ez al., 1989). Calculations of the change
in accessible surface area upon binding of the Eve HD to
its cognate site (Nicholls et al., 1991) give a value of
1528 A2. This value is relatively small compared with
surface areas for other DNA binding proteins. The restric-
tion enzymes have changes of ~4000 A2 and many of the
transcription factors have changes of ~2500 A2
(M.Newman and A.Aggarwal, unpublished results). It is
surprising that such high affinity binding (HDs bind with
Ky of ~10°-1071° M; Affolter et al., 1990; Ekker et al.,
1991; Ades and Sauer, 1994) can be achieved with a
relatively small change in accessible surface area, especi-
ally in view of the other DNA binding proteins.

Solvent

We observe several solvent molecules at the protein-DNA
interface. Similarly, NMR experiments and molecular
dynamic simulations (Billeter ez al., 1993; Qian et al.,
1993) have indicated that there are water molecules at the
protein—-DNA interface of the Antp complex. The NMR
experiments could detect the presence of water in the
interface but due to fast on—off rates were unable to locate
the positions of them, except for a water molecule buried
near the hydrophobic residue Ile47 of Antp (Qian et al.,
1993). We also observe molecular water in the same
region (in Eve, Ile47 is replaced by Val). Specifically, two
water molecules are positioned below Val47 and form a
network of hydrogen bonds between the phosphate back-
bone and the carbonyl oxygen of Thr44, helping to position
the recognition helix. Another pair of water molecules
forms a network connecting Arg53 and the carbonyl
oxygen of Val26. In addition to the water molecule
mediating contacts between GIn50 and DNA (described
above), we also detect solvent molecules extending from
the carbonyl oxygen of residue 50, filling the space
between the polypeptide, the phosphate backbone and the
bases of the major groove. This water molecule may
substitute for the tighter grip of the major groove around
the recognition helix in the En and Mato2 structures.

Discussion

Protein conformation

The HD is an extraordinarily simple example of a module
that binds to DNA with relatively high affinity. The HD
appears to be a modification and simplification of the
DNA binding domains of bacterial repressors that contain
five or six helices (reviewed in Harrison and Aggarwal,
1990). Others, like A cro protein, have B-strand elements.
The HD, in contrast, is a minimalist version, with only
three helices (plus an N-terminal arm) that provides
complete and autonomous functionality in the sense that
they bind as monomers.

The hydrophobic core of the Eve HD includes residues
from all three helices. These residues are highly conserved
across the >300 HD sequences now known (Biirglin,
1994). Specifically, Trp48 is invariant, while Leul6 (99%),
Phe20 (96%) and Phe49 (99%) are highly conserved. More
intriguing than the hydrophobic core is the conservation of
residues on the surface of the Eve HD. Eve belongs to a
distinct class of HDs, characterized by many conserved
residues beyond those conserved across classes. It is
remarkable that there are only two amino acid differences
between the Eve homolog HDs of flies and humans
(covering ~600 million years of evolution). What could
be the reason for this conservation? Most of these Eve
class residues map to the surface of the HD, and in general
are bunched together forming patches (see Figure 9).
Three patches lie: (i) in the area of the amino half of helix
1; (ii) in the C-terminal half of helix 1 and the beginning
of the loop; (iii) near the end of helix 3. It is possible
that these surface patches encode as yet uncharacterized
functions that have been conserved over evolution. Such
functions may be interactions with cofactors or recognition
of DNA sequences other than the AT-rich site. One
implication of this hypothesis is that Eve cofactors might
also have been conserved across species.

DNA recognition
The manner of AT-rich DNA binding is a case of direct
read out. Helix 3 extends across the major groove and
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Fig. 7. A 2Fy—F, simulated anealing omit map of GIn50 calculated by
the standard method of first heating the molecule to 1000 K to remove
model bias (Brunger, 1992). The map is contoured at the 16 level.
(A) The conformations of GIn50 from HD I. (B) The conformation
found in HD II.

residues Val47, Asn51 and Met54 interact by way of
hydrogen bonds and van der Waals interactions with the
functional groups of bp 1 and 2. The functionally important
residue GIn50 interacts in multiple ways with base pairs
all the way from 1 to —2. A question arises as to why the
residue is so flexible. We suggest that the plasticity of
GIn50 may be due to its less than ideal distance from
DNA base pairs. Even the hydrogen bonds that we
observe may be weak, causing the residue to sample other
possibilities, including water-mediated interactions. These
transient interactions may reduce the overall specificity of
GIn50, and explain why an alanine substitution results in
only a 2.4-fold loss of binding (Ades and Sauer, 1994).
On the other hand, a lysine residue at position 50, with
its longer reach, could interact uniquely with GC base
pairs at positions —1 and -2 and confer high affinity for
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the Bicoid sequence GGATTA (Hanes and Brent, 1991;
Treisman et al., 1989).

Concomitant with these major groove interactions the
N-terminal arm grasps the DNA in the minor groove,
contacting bases and sugar moieties of bp 2—4. The
trajectory of the N-terminal arm differs from that in the
En and Antp structures. This difference may be due to
Tyr4 and its interaction with the adenine of bp 3. Tyr4 is
unique to the Eve class of HDs (En contains a proline
and Antp contains a glycine). Due to variabilty in the N-
terminal paths, the highly conserved residue Arg3 interacts
with DNA differently in the three structures. This is
consistent with studies showing that replacement of N-
terminal residues with residues from another HD result in
slightly different DNA binding specificities (Ekker e al.,
1992; Gehring et al., 1994). Judging from our structure,
the identity of residue 4 may be particularly important in
determining the path of the N-terminal arm and the
consequent DNA binding preferences.

NMR experiments and simulations (Billeter ez al., 1993;
Qian et al, 1993) have indicated that there are water
molecules at the protein—-DNA interface of the Antp
complex. Our structure locates some of this solvent. We
observe at least five well-defined water molecules in the
major groove (B factors <30 A2). They appear to play a
dual role, facilitating specific side chain—base read out
(GIn50) and non-specific, energetic contributions to bind-
ing by filling gaps between the recognition helix and the
major groove. Water-mediated recognition of DNA base
pairs has been seen in several crystal structures, including
the trp repressor—operator complex (Luisi and Sigler, 1990)
and the BamHI-DNA complex (Newman et al., 1995).

Eve mutants

The structure described here may be used to rationalize
some of the mutational data on the Eve protein. Molecular
analysis of mutant alleles, isolated through chemical or
radiation mutagenesis, uncovered two alleles which had
point mutations in the HD (Frasch et al., 1988). The two
mutants, IIR59 and ID19, change Thr6 to isoleucine and
Arg52 to histidine respectively. IIR59 is a hypomorphic
allele, indicating only a partial loss of function, which is
correlated with a significant decrease in DNA binding
affinity (Hoey, 1989). In the light of the structure one can
see why affinity would be affected. Thr6, which is part
of the N-terminal arm, makes a hydrogen bond to the
phosphate of bp 3 (Figure 5A). Replacing it with isoleucine
would remove the hydrogen bond and possibly create
steric interference in the minor groove. This substitution
is similar but not as drastic as truncation of the N-terminal
arm by Gehring and co-workers (Qian e al., 1994). They
found that such a HD had a lower affinity for the DNA
by about an order of magnitude.

The ID19 mutation is a temperature-sensitive allele.
The Arg—His substitution can be seen in the context of
our structure to destablize the HD. The aliphatic arm of
Arg52 plays a role in delimiting the hydrophobic core. In
addition, the residue salt bridges to Glul7 to provide a
second type of structural brace. Thus a histidine at this
position might disrupt the stabilizing role of Arg52.
Interestingly, while Arg52 is fairly well conserved (87.5%;
including lysine, 94%), nine HDs contain histidine at this
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Fig. 8. Interactions in the major groove. (A) A view perpendicular to the recognition helix of Eve HD I, showing Asn51 and GIn50 making direct
hydrogen bonds (blue dotted lines) with DNA base pairs. GIn50 displays two conformers. In the down position it hydrogen bonds with bp 1. In the
lateral position it hydrogen bonds with an adenine of bp —1. Val47 and Met54 are not shown for clarity. (B) A view perpendicular to the recognition
helix of HD II, showing its interaction with DNA (only bp 1 and 2 are shown). Residues Val47, GIn50, Asn51 and Met54 have been labeled. The
water-mediated interaction between the thymine of bp 1 and GIn50 is depicted. The temperature factor of the bridging water molecule is 18 A%

Drawn with GRASP (Nicholls et al., 1991).

position. These HDs are more divergent, but it is not clear
why they would not be as thermally labile as ID19.

Biological specificity

A crucial question with respect to HDs is how they
achieve their biological specificity. Homeoproteins have
overlapping DNA binding specificities and yet in cells,
tissues or parasegments which express several homeo-
proteins they display remarkable biological specificity.

Several hypotheses have been forwarded. One proposal is
that relatively small differences in DNA binding may
account for the functional specificity in vivo (Dessain
et al., 1992; EkKer et al., 1992). These studies have shown
that very closely related HDs, from the same class or even
family, have differing affinities for different sequences. In
this regard, the Eve structure provides new details of how
such binding differences can arise, especially due to
residues 50 and 54 of the recognition helix and the path
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Fig. 9. Stereo Ca plot of the Eve HD with residues unique to the Eve class of HDs depicted in ball and stick. Only the residues which are non-
conservative substitutions of the consensus HD sequence (Biirglin, 1994) are shown.

of the N-terminal arm in the minor groove, which may
be altered by the identity of residue 4.

A second mechanism postulates the existence of cofac-
tors (possibly also containing HDs) that bind to adjacent
DNA sites to accentuate or modulate specificity. A well-
studied example of this model is the yeast Mato2/Matal/
MCM system (Goutte and Johnson, 1994; Phillips et al.,
1994). In that case, the individual proteins alone have
relatively low specificity and affinity, but when they bind
in a heterodimeric fashion, specificity and affinity are
increased considerably. Our crystallographic observation
that two HDs can potentially bind alongside on a DNA
site as short as 10 bp without any steric clashes provides
a structural rationale for such a mechanism. For instance,
the homeoproteins Mec-3 and Unc-86 from Caenorhab-
ditis elegans cooperatively bind to promoter sequences of
the mec-3 gene (Xue et al., 1993). More recently it has
been shown in Drosophila that the homeoproteins Ubx
and Exd interact cooperatively and their DNA binding
sites overlap over a stretch of just 12 bp (Chan et al.,
1994). Based on our model, both HD proteins could be
easily accommodated on opposite faces of DNA, with
regions within and immediately outside the HD favorably
disposed for protein—protein interactions. As seen in Figure
2, the N-terminal arm and polypeptide that continues from
it are well positioned to interact with the end of helix 1,
the loop between helices 1 and 2 and the end of helix 3
of the adjacent HD. Strikingly, this area is exactly one of
the patches that is known to be critical in the Ubx-Exd
interaction (residues 23, 25 and 57; Chan et al., 1994). In
addition, examination of an Eve HD from the adjacent
unit cell, i.e. translated along the DNA axis by one turn
and on the same face, shows that the beginning of helix
1 (Arg10) is within 4 A of the loop of the adjacent protein.
Therefore, it is tempting to speculate that these surfaces
that seem so well disposed for protein—protein interactions
are indeed utilized in such a fashion.
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Our structure also suggests that the monomeric nature
of HDs, combined with their ability to bind tandemly or
inversely on the opposite or the same face of DNA, could
be a mechanism to generate different configurational
permutations with the same HD. Some permutations may
potentiate transcription, others may attenuate it. Multiple
binding sites for homeoproteins have been found in several
promoters. Beachy and co-workers have found that a
dozen or more Ubx molecules can bind to sites in the
Ubx promoter (Beachy et al., 1993). Moreover, both Ubx
and Eve proteins produce DNase I footprints of 40 and
80 bp over this region (Biggin and Tjian, 1989; Johnson
and Krasnow, 1992; TenHarmsel et al., 1993). The
sequence of this region is rich in repeats of TAA or
TAATCG, but neither the configuration nor the exact
stoichiometry of protein binding is known. Experiments
with the Antp promoter (Appel and Sakonju, 1993) show
sites where ATTA cores are as closely spaced as in our
crystal structure. Finally, recent in vivo experiments with
Bicoid homeoprotein revealed not only a requirement for
multiple sites to acheive activation, but also specific
configurations, such as widely spaced sites positioned on
opposite faces of the DNA (2.5 turns of DNA; Hanes
et al., 1994). This configurational sensitivity is very
much in line with a model that envisions configurational
variability as conferring specificity. Such a mechanism
operates not by increasing DNA binding specificity, but
rather by modifying and varying the HD protein’s inter-
actions with the rest of the transcriptional machinery.

Materials and methods

Crystals

The purification, crystallization and preliminary diffraction analysis of
the Eve HD-DNA complex have been described previously (Hirsch and
Aggarwal, 1995). The crystals belong to space group P2, with unit cell
dimensions a = 34.06, b = 61.61, c =39.99 A, B = 90.0°. The crystals
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Table I. Crystallographic data

Native (PF?) Native (BNL?) Iodo1® Iodo2®

Number of crystals 1 2 5 2
dpin (A) 3.0 2.0 3.0 3.0
Measured reflections 5801 20 689 6863 4259
Unique reflections 2865 8613 3085 2584
Completeness (%)° 85.5 (64.8) 77.1 (52.4) 92.7 (90.2) 76.8 (78.7)
R,ne,geQd 0.104 (0.29) 0.076 (0.19) 0.087 (0.10) 0.074 (0.14)

iso” 0.10 0.11

2PF, Photon Factory; BNL, Brookhaven National Laboratory.
bSee Figure 1 for the positions of iodine substitutions.
“Figures in parentheses are for the highest resolution shell.
Rrmerge = Zllobs — <I>E<I>.

Riso = Zllpn — IV/ZI,, where I, is lodol or lodo2 and /;, is native (BNL).

are pseudo-orthorhombic and could be (and were initially) assigned to
space group P2,2,2 (see below). The space group and unit cell parameters
were assigned from precession photographs which showed mmm sym-
metry and systematic absences along the a and b axes. There was an
ambiguity regarding the length of the a axis; whether it should be
34.06 (10 bp) or 68.12 A (20 bp), since the oligonucleotide used for
crystallization was a 20mer. Layer lines along the a axis gave no hint
of a 68.12 A spacing, despite the fact that the synthetic oligomer lacked
a 5'-phosphate group, thus making the two direct repeats not chemically
identical. The fact that we do not observe any measurable intensities at
68.12 A spacing along a, even in the 2 A measured data (see below),
suggests that the missing phosphate group between one unit cell and the
next has little consequential effect on the binding of HDs. This is not
surprising, since the missing phosphate is well away from DNA
recognition residues such as GIn50 and Asn51 (12-18 A).

Data collection

Data were measured using synchrotron radiation at the Photon Factory
(PF) (beamline BL6A?2; Sakabe, 1991) and the Brookhaven National
Laboratory (BNL) (beamline X4A). PF data were measured first, from
a single crystal (10°C) at 3 A resolution (Table I). The data were recorded
on phosphorimaging plates (Fuji) using the Weissenberg geometry (10°
oscillations) and processed by the WEIS software package (Higashi,
1989). The BNL data were measured from two crystals (4°C), using
phosphorimaging plates and a standard oscillation geometry. The data
extended to 2 A resolution (Table I). These and all subsequent data sets
were processed using DENZO (Otwinowski, 1993) and merged using
ROTAVATA/AGROVATA (Collaborative Computational Project, 1994).
Heavy atom derivatives were prepared by substituting iodouracil for
thymidine residues on the DNA. These crystals proved to be highly
radiation sensitive, in proportion to the number of iodines incorporated.
Data sets were measured at BNL for two derivatives, iodol and iodo2,
incorporating two iodines in the 20 bp DNA duplex (Table I).

Structure determination
Since the PF data became available first, it was used to start the structure
determination by molecular replacement (MR) in space group P2,2,2.
Initially we expected that one HD would bind to one 10 bp consensus
sequence. Using a model from the En HD-DNA complex (one HD
bound to 10 bp) we calculated a cross rotation function followed by
Patterson correlation refinement with X-PLOR (Brunger, 1992). The
Patterson correlation refinement clearly singled out one orientation.
Translation function searches (using the programs X-PLOR and TFFC;
Collaborative Computational Project, 1994) gave a clear top solution,
but the molecular packing showed that the DNA symmetry mates were
overlaid on each other. Alternate translation function solutions were
pursued, but without success. We re-evaluated our search model and
reasoned that the top solution could essentially be correct if there were
two HDs bound to one 10 bp DNA consensus sequence, related by a
screw symmetry along the DNA axis. The screw symmetry could
be treated as either crystallographic (space group P2;2,2) or non-
crystallographic (space group P2;). The binding of two HDs was
consistent with the 10 bp consensus sequence, which on closer inspection
revealed an imperfect direct repeat (AATTA and AATTC) within it
(Figure 1). Because the direct repeat was not exact we pursued the
structure analysis in space group P2y, in case the two HDs bound
differently to their S bp subsites.

The new model gave a top MR solution (R = 48.6% for data from
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Fig. 10. A packing diagram of the crystal showing the translational
mix of the DNA. Two unit cells are depicted with a and c axes
labeled and the b axis coming out of the plane of the paper. HDs I and
II are labeled. The DNA is the 20 bp oligonucleotide used in co-
crystallization (c.f. Figure 1), shown spanning two unit cells and
depicted as a cylinder.

15 to 4 A) without any steric clashes. Rigid body refinement, breaking
the model into increasingly smaller units, resulted in an R factor of
40.2%. Electron density maps were inspected and found to be of good
quality. At this stage high resolution BNL data from native and iodinated
crystals became available. Difference Fourier syntheses utilizing model
phases and isomorphous differences clearly showed iodine peaks (>6 G)
at the appropriate positions; establishing the validity of our model.
However, instead of one peak for each derivative, as expected, two
peaks were found, separated by 5 bp on the same DNA strand (ratios
1:1.1 for iodol and 1:1.3 for iodo2). We conclude from this that there
is translational mixing of the DNA in this crystal form, similar to the
rotational mixing of DNA found in other protein-DNA (Wolberger et al.,
1991; Ferre-D’Amare et al., 1993; Schwabe et al., 1995) and DNA
crystals (DiGabriele et al., 1989). Thus the two subsites (AATTA and
AATTC) comprising the 10 bp consensus sequence are averaged in our
structure. The net effect is that the DNA subsite ‘under’ both HDs is
essentially the same in which the last base pair is an average of AT and
CG base pairs. A packing model illustrating this is shown in Figure 10.
It might be expected that the two HDs would also be averaged, but they
appear to maintain distinct conformations, as evidenced by distinct
electron densities for residue GInS0 (Figure 7).

The structure determination was continued by combining iodine phases
with model phases to compute combined maps for consultation in model
building. The model derived from the PF data was subjected to a round
of simulated annealing against the BNL data set, which brought the R
factor down to 28.6%. The model was rebuilt using O (Jones et al.,
1991) and FRODO (Jones, 1985) and refined, this time along with
temperature factors. Using 2Fo—F and Fo—F, maps, 68 water molecules
were added and the model refined using conjugate Powell methods in
X-PLOR. The model was checked continually by omit maps calculated
by deleting portions of the model and doing 30 cycles of positional
refinement to minimize bias. In addition, simulated annealing omit maps
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were calculated and used to confirm the model in certain portions. A
striking feature to emerge from these omit maps was the different
conformations of residue GInS0 in the two HDs. From this we conclude
that, unlike the DNA, the two HDs remain unaveraged (Figure 7). The
asymmetry of GIn50 could be due to subtle differences in the electrostatics
of crystal packing environments, but it is not obvious from the structure.
It is not uncommon to observe asymmetric conformations for flexible
residues in crystal structures. For example, in the structure of the NF-
xB homodimer bound to a palindromic DNA site (Ghosh er al., 1995),
residues Lys241, Lys272 and Arg305 adopt asymmetric conformations
despite perfect two-fold symmetry of the DNA site. The present R factor
stands at 22.9% and Rg.. = 31.6% with good stereochemistry, as
determined by the program PROCHECK (Laskowski et al., 1993). [The
R factors were calculated for data within 8-2.0 A resolution and Fy >
26(Fp).] The r.m.s. deviations from ideality for bond lengths and bond
angles are 0.016 A and 2.56° respectively. The averages of the final
refined B-factors for HDI, HDII and the DNA are 26.9, 27.9 and 25.6 A2,
respectively.
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