
Cell, Vol. 63, 579-590, November 2, 1990, Copyright 0 1990 by Cell Press 

Crystal Structure of an engrailed Homeodomain-DNA 
Complex at 2.8 A Resolution: A Framework for 
Understanding Homeodomain-DNA Interactions 
Charles Ft. Kissinger: Belshan Liu, 
Enrique Martin-Blanco,t Thomas B. Kornberg,t 
and Carl 0. Pabo’ 
* Department of Molecular Biology and Genetics 
and Howard Hughes Medical Institute 
Johns Hopkins University School of Medicine 
Baltimore, Maryland 21205 
t Department of Biochemistry and Biophysics 
University of California 
San Francisco, California 94143 

Summary 

The crystal structure of a complex containing the en- 
grailed homeodom$n and a duplex DNA site has been 
determlned at 2.8 A resolution and refined to a crys- 
tallographic R factor of 24.4%. In this complex, two 
separate regions of the 81 amino acid polypeptide 
contact a TMT subsite. An N-terminal arm fits into the 
minor groove, and the side chains of Arg3 and Argd 
make contacts near the Vend of this ‘core consensus” 
binding site. An a helix fits into the major groove, and 
the side chains of 118-47 and Asn-51 contact base pairs 
near the 3’end of the TAAT site. This ‘recognltlon he- 
lix” is part of a structurally conserved helix-turn-helix 
unit, but these hellces are longer than the correspond- 
ing helices in the li repressor, and the relationship be- 
tween the helix-turn-helix unit and the DNA is signlfi- 
cantly different. 

Introduction 

The homeodomain is a DNA binding motif that plays a 
central role in eukaryotic gene regulation (Scott et al., 
1989). It was first discovered in a set of Drosophila pro- 
teins that regulate development, but it is now clear that the 
homeodomain occurs in a large family of proteins that 
regulate transcription in many higher organisms. Compar- 
ison of homeodomains from different genes and different 
organisms shows that their amino acid sequences are 
highly conserved (Scott et al., 1989). Although careful 
sequence comparisons allow the homeodomains to be 
grouped into subfamilies, it seems likely that ail the ho- 
meodomains will have similar three-dimensional struc- 
tures and use generally similar modes of DNA recogni- 
tion. The structure of the Antennapedia homeodomain, a 
prototypical member of one of the largest sequence sub- 
families, was recently determined by two-dimensional nu- 
clear magnetic resonance (Qian et al., 1989). As antici- 
pated from sequence comparisons (Laughon and Scott, 
1984; Shepard et al., 1984), this homeodomain contains 
a helix-turn-helix (HTH) motif very similar to the HTH motif 
present in a number of prokaryotic repressors (Pabo and 
Sauer, 1984). Although high resolution crystal structures 
have been reported for several repressor-operator com- 
plexes (Otwinowski et al., 1988; Jordan and Pabo, 1988; 

Aggarwal et al., 1988), there have not been any structural 
data available about homeodomain-DNA complexes. In- 
tensive genetic and biochemical studies have elucidated 
some features of the protein-DNA interactions, but many 
puzzling questions remain about the specificity of homeo- 
domain-DNA interactions, about the role of conserved 
residues in complex formation, and about the overall con- 
tribution of the homeodomain to site-specific binding and 
gene regulation. 

We recently crystallized a 61 amino acid peptide that 
contains the homeodomain from the engrailed protein of 
Drosophila (a prototypic member of another major homeo- 
domain subfamily) and also grew cocrystals with a 21 bp 
duplex DNA site (Liu et al., 1990; Figure 1). Using a 
strategy developed when cocrystailizing the k repres- 
sor-operator complex (Jordan et al., 1985) we had tested 
a series of different DNA fragments with the engrailed 
homeodomain. It is not yet known which binding site(s) is 
functional in vivo, but excellent crystals were obtained 
with the DNAfragment shown in Figure 1, and gel mobility 
shift experiments confirmed that the engraiied homeodo- 
main binds tightly to this site (Ko = l-2 x 10eg M in a 
buffer containing 100 mM KCI and 25 mM HEPES at pH 
7.6). In this paper, we report the structure of this homeodo- 
main-DNA complex and discuss the implications for our 
understanding of protein-DNA recognition and gene reg- 
ulation. 

Results and Discussion 

Overall Arrangement of the Homeodomain-DNA 
Complex 
in the crystal, two copies of the homeodomain bind to the 
21 bp duplex. One binds near the center of the DNA frag- 
ment, and the other binds near the end (Figure 2). Su- 
perimposing the refined structures revealed that the con- 
formations of the two protein monomers and the contacts 
they make with the DNA are nearly identical. 

The engrailed homeodomain contains three a helices 
and an extended N-terminal arm. The structure of this mo- 
tif provides the basis for understanding homeodomain- 
DNA interactions (Figure 3). Helix 1 (residues 10-22) and 
helix 2 (residues 28-37) pack against each other in an an- 
tiparallel arrangement. In the complex, each of these 
heiices spans the major groove and is roughly perpendic- 
ular to the local direction of the DNA backbone. However, 
both of these helices are too far from the DNA to make 
many contacts. Helix 3 (residues 42-58) is roughly per- 
pendicular to the first two helices. The exposed, hydro- 
philic face of helix 3 fits directly into the major groove, and 
side chains on this helix make extensive contacts with the 
DNA. The hydrophobic face of helix 3 packs against he- 
iices 1 and 2 to form the interior of the protein. In the en- 
grailed cocrystal structure, we see no evidence for the 
kink (Qian et al., 1989) that has caused Wiithrich and his 
colleagues to describe residues 53-59 of the isolated An- 
tennapedia homeodomain as a distinct helical segment 



A Me1 A,p <iI” I.y5 Arg Pro Arg Ihr Ai I’he Ser B I 7 ?*ldIe 7 a I) 10 II I2 1, .‘ IP ‘B I, XI ‘0 20 21 
Helix 1 ‘TTTGCCATGTAATTACCTAI 

blBACGGTACATTAATGGATl~!4 
Ser Glu Gh Leu Ala Arg LeiJ Lj? Aq C;,,, Phe Am (;lu Am Arg 
ii> 15 20 

Helix 2 
Figure 1. Sequences of engrailed Homsodo- 
main and Binding Site Used for Cocrystalli- 

T)T Le” Thi GIlI Art: Arg Arg Gl” Gin Leu Ser Ser t;ia Leu Gly zation 
21 30 15 

HeIn 3 (A) Sequence of the engrailed homeodomain. 
The fragment used for cocrystallization in- 

leu Am GlU Ala Gin Ile LSS Ile Trp Phe (:ln ASII Lp A& Al4 eludes 60 amino acids from the Drosophila en- 
?ii 

45 

vi grailed protein (Kornberg, 1991; Poole et al., 
1995), and the cloning procedure adds a methi- 

.-LjiYzq Srr onine at the N-terminal end of this peptide. 
Boxes mark the three a h&ices observed in the 
cocrystal. The numbering scheme corre- 

sponds to that used by Wiithrich and his colleagues in describing the structure of the Antennapedia homeodomain (Qian et al., 1999). 
(8) DNA sequence used for cocrystallization. In the crystal, the overhanging Sends pair with those of neighboring duplexes to form a pseudocontinu- 
ous double helix. As discussed in the text, two copies of the homeodomain bind to this site. One protein makes its primary contacts near the TAAT 
site that includes base pairs 11-14 (shown in boldface). The other homeodomain binds at the end of the DNA (where neighboring duplexes overlap 
in the crystal). This homeodomain makes critical contacts in a region that includes a TAAA site on the lower strand (i.e., base pairs l-3 and 21, 
shown in outline). 

Figure 2. Two ~om~domains Bind to the 21 bp Duplex 
One copy of the homeodomain (shown in orange) binds tightly to a site near the center of the DNA duplex. This is a higher affinity binding site, and 
the paper focuses on this complex. Another copy of the homeodomain (shown in purple) binds to a weaker site at the end of the duplex, and this 
homeodomain makes additional contacts with a contiguous duplex in the crystal. The overall arrangements of the two proteins with respect to the 
DNA are very similar, and nearly all of the protein-DNA contacts are identical. Helix 3 of each protein (highlighted in yellow) fits directly into the 
major groove of the double-helical DNA (shown in blue). 

(helix IV). It is possible that this region changes confor- of the hom~domain reveals a simple, functional design 
mation upon DNA binding, and crystallographic refine- for DNA recognition. 
ment of the isolated engrailed protein is now in progress There are no contacts between the two homeodomains 
(N. Clarke, C. R. K., B. L., and C. 0. l?, unpublished data). seen in the crystal, and they appear to bind as indepen- 

The first few residues of the homeodomain appear to be dent monomers. Binding experiments using duplexes with 
disordered in the crystal, but residues 3-S form an ex- the isolated subsites (see Experimental Procedures) indi- 
tended N-terminal “arm” that fits into the minor groove and cate that the engrailed home~omain binds to the central 
supplements the contacts made by helix 3. Helices 1 and sequence with a Kc of 1-2 x lWQ M and binds to the ter- 
2 are connected by a relatively open loop (residues minal sequence with a K. of lo-’ M. (Control experi- 
23-27), and helices 2 and 3 are connected by a somewhat merits with a h operator site show no binding; any interac- 
shorter “turn” (residues 38-41). The overall arrangement tion must be at least an order of magnitude weaker.) The 
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Figure 3. Overview of the Homeodomain-DNA Complex 

(A) Stereo diagram showing how the a helices and the N-terminal arm are arranged in the homeodomain-DNA complex. To make it easier to see 
the overall relationship, this diagram shows only backbone atoms for the protein (N, C,, and C). Every tenth protein residue is numbered. The DNA 
shown here includes base pair 8 (bottom) through base pair 20 (top). Base pairs 10, 15, and 20 are labeled, along with the 3’ and 5’ termini of each 
DNA strand. 
(B) Sketch summarizing the relationship of the a helices and the N-terminal arm with respect to the double-helical DNA. Cylinders are used to show 
the position of the a helices, ribbons are used to show the sugar-phosphate backbone of the DNA, and bars indicate base pairs. 

two complexes seen in the crystal happen to be related by 
an approximate two-fold symmetry axis, but this does not 
appear to have any real significance for the engrailed- 
DNA interactions. Although the N-terminal arms have 
slightly different conformations, most of the contacts are 
the same in the two complexes. Our discussion will focus 
on the central site, since engrailed binds to this site with 
a higher affinity. Binding to the terminal sequence is in- 
herently weaker, and interactions may also be perturbed 
because the protein is binding at the end of the duplex. 
(This homeodomain actually contacts two DNA duplexes, 
since the DNA fragments have overlapping 5’ ends and 
stack to form a pseudocontinuous helix in the crystal.) 

Helix 3: Invariant Residues and Critical Contacts 
with the DNA 
Helix 3 fits directly into the major groove and makes exten- 
sive contacts with the bases and with the sugar-phos- 
phate backbone. It is interesting to note the critical roles 
played by Trp-48, Phe-49, Asndl, and Arg-53. These resi- 
dues occur in every one of the higher eukaryotic homeo- 
domains compiled by Scott et al. (1989) and the crystal 
structure shows that these invariant residues occur in the 
section of helix 3 closest to the major groove (Figure 4). 
Trp-48 and Phe49 form a key part of the hydrophobic 

Figure 4. Photograph Highlighting the Position of Invariant Residues: 
Trp-49, Phe-49, Asn-51, and Arg-53 

This view is looking down the axis of helix 3. The homeodomain is 
shown in orange with invariant residues highlighted in yellow. The DNA 

core. They must play a major role in stabilizing the folded is shown in blue. 
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Figure 5. Key Contacts with the Base Pairs at 

(A) Stereo diagram showing a view along helix 
3. Backbone atoms are shown for residues 
3-59 of the homeodomain, and side chains are 
shown for residues that contact the base pairs: 

“Y i Arg-3, Arg-5, 11~47, Gin-50, and Asn-51. The 

o\C/N’4-H segment of DNA shown here includes base 
ASN 51 I 

pair 9 (at the bottom) through base pair 20 (at 
&HI 

/ the top) and thus includes the critical T&AT 
subsite. Base pairs 10, 15, and 20 are labeled, 
along with the 3’ and 5’ termini of each DNA 
strand. This diagram shows that the arm 

makes minor-grove contacts near the 5’ end of the TAAT subsite and that helix 3 makes major-groove contacts near the 3’ end of the TAAT subsite. 
(B) Sketch summarizing the critical contacts. 
(C) Stereo view of the calculated electron density from a 2F, - Fc map in the vicinity of helix 3. The protein is shown in yellow, and the side chains 
of lie-47, Gin-50, and Asn-51 are labeled. The DNA is shown in red and the electron density is shown in blue. The electron density is contoured 
at a level of one rms deviation above the average density. 
(D) Sketch showing the base contacts made by lie-47 and Asn-51. 

structure and in controlling how helix 1 packs against helix 
3, (This will be critical for DNA recognition because it af- 
fects the spatial relationship between contacts made by 
the N-terminal arm and contacts made by helix 3.) 

The invariant hydrophilic residues-Asn-51 and Arg- 
53-make critical contacts with the DNA. Asn-51 makes 
a pair of hydrogen bonds with the adenine at base pair 13, 
donating a hydrogen bond to the N7 position and accept- 
ing a hydrogen bond from the N6 position (Figure 5). Arg- 

53 hydrogen bonds with two phosphate groups on the 
other strand of the DNA (Figures 6 and 7). 

Several of the neighboring residues in helix 3 make criti- 
cal contacts with the DNA and are conserved within sub- 
sets of the homeodomain proteins. The side chains of lle- 
47 and GIn-50 appear to be especially important for DNA 
recognition. lle-47 provides a sequence-specific interac- 
tion by making hydrophobic contacts with the methyl 
group of the thymine at base pair 14. Valine, which occurs 
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Figure 6. Contacts with the Phosphates 

Stereo diagram showing side chains that con- 
tact the phosphodiester oxygens. The DNA 
segment is the same as that in Figures 3A and 
5A. The view is roughly perpendicular to helix 
3 and thus is similar to the view in Fig- 
ure 3. Critical residues include Thr-6, Tyr-25, 
Arg-31, Trp-46, Arg-53, Lys-55, and Lys-57. 
These contacts also are summarized in Fig- 
ure 7. 

,------. 
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Figure 7. Sketch Summarizing All the Contacts Made by the Homeo- 
domain 

The DNA is represented as a cylindrical projection, and the shading 
emphasizes the TAAT subsite. Phosphates are represented with cir- 
cles; hatched circles show phosphates that are contacted by the 
homeodomain. 

at this position in other homeodomains, would be able to 
make a similar hydrophobic contact. The side chain of 
Gin-50 projects into the major groove and clearly is in a 
position to make sequence-specific contacts. In the cur- 
rent structure, Gln-50 makes van der Waals contacts with 
the methyl group of the thymine at base pair 16. A modest 
rotation of the side chain would allow it to hydrogen bond 
with the 04 of the thymine at base pair 14, but the -NH2 
of the Gln side chain and the 04 of the thymine are about 

3’ 

4 A apart in the current structure. It also appears that 
small changes in the DNA conformation could allow Gln- 
50 to hydrogen bond with the adenine at base pair 15. (The 
DNA geometry is discussed in a later section.) Residues 
on helix 3 also make an extensive set of contacts with the 
sugar-phosphate backbone (Figure 6); these contacts are 
discussed in a later section. 

Contacts Made by the N-Terminal Arm 
The crystal structure shows that the N-terminal arm binds 
to the minor groove of the DNA and reveals that conserved 
residues from the arm contact base pairs adjacent to the 
ones contacted by helix 3. The poor electron density for 
residues 1 and 2 of the engrailed homeodomain indicates 
that this region is disordered in the crystal. However, some 
backbone density can be seen for residue 2, and residues 
3-5 form a well-defined region of extended chain that fits 
into the minor groove. The side chain of Arg-5, the most 
highly conserved residue in this portion of the homeodo- 
main, reaches directly into the minor groove and hydrogen 
bonds with the 02 of the thymine at base pair 11. The elec- 
tron density for Arg-3 is not nearly as well defined as the 
density for other side chains. However, it appears that the 
side chain of Arg-3 hydrogen bonds with the 02 of the thy- 
mine at base pair 12 and/or hydrogen bonds with the 
sugar oxygen from the adenosine at base pair 13. 

Further studies are needed to understand what degree 
of sequence specificity is provided by these minor-groove 
contacts. Clearly these contacts explain a preference 
among homeodomains for AT-rich sites, since these have 
hydrogen bond acceptors at appropriate positions in the 
minor groove. Presumably a GC or a CG base pair would 
interfere with binding since the arginine side chain would 
have unfavorable steric or electrostatic interactions with 
the -NH2 of the guanine. However, it is not clear whether 
these contacts could distinguish an AT from a TA base 
pair, since the N3 of adenine and the 02 of thymine oc- 
cupy similar positions in the minor groove (Seeman et al., 
1976). 
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Contacts with the DNA Backbone 
The homeodomain makes an extensive set of contacts 
with the sugar-phosphate backbone, and we presume that 
these are critical for DNA binding. The full set of backbone 
contacts is shown in Figure 6 and summarized (along with 
the base contacts) in Figure 7. Most of these contacts are 
clustered in two regions flanking the sites where helix 3 
makes contacts in the major groove. (In the sequence, 
each of these regions is offset in the Vdirection along the 
DNA backbone; in the three-dimensional structure, these 
contacts surround the regions where helix 3 contacts spe- 
cific base pairs.) The engrailed homeodomain makes one 
set of contacts with phosphates just “above” the region 
where helix 3 contacts bases in the major groove (Figures 
6 and 7). At the edge of the site, Arg-31 contacts the phos- 
phate that lies between the adenine at base pair 19 and 
the guanine at base pair 16. Proceeding in the 5’ to 3 
direction along this strand, we see that Arg-53 contacts 
the next phosphate. The phosphate after this appears es- 
pecially critical and has contacts from Arg-53, Tyr-25, and 
Lys-57. (It is interesting that helix 1 does not make any con- 
tacts with the DNA and that Tyr-25 and Arg-31 provide the 
only DNA contacts from the loop or from helix 2.) 

On the other strand, there are several contacts with 
phosphates just “below” the region where helix 3 fits into 
the major groove (Figures 6 and 7). Lys-55 contacts a 
phosphodiester oxygen from the thymidine at base pair 
11. Proceeding in a 5’ to 3’ direction, we see that Trp-46 
is very close to the next phosphate. The ring nitrogen is 
not in a favorable position for hydrogen bonding to the 
DNA, but the partial positive charge on the edge of the 
aromatic ring (Burley and Pet&o, 1965) may provide a 
favorable electrostatic interaction with the phosphodiester 
oxygen. Thrd makes side chain and main chain hydrogen 
bonds to a phosphodiester oxygen of the adenosine at 
base pair 13. 

DNA Conformation 
The DNA duplex in the crystal is a relatively straight seg- 
ment of B-DNA. The average helical twist of 34.2O (Table 
1) corresponds to 10.53 bp per turn. This is very close to 
the average expected for B-DNA (Wang, 1979) and this 
suggests that protein binding and crystallization have not 
resulted in any large overall distortion of the DNA struc- 
ture. As observed in single-crystal studies of B-DNA (Dick- 
erson and Drew, 1961) the base pairs have significant pro- 
peller twist (average = 13.3”). The individual helical twists 
range from 26.1° to 44.7, and the individual propeller 
twists range from 5.4O to 21.70 (Table 1). Base pairs at one 
end of the duplex (base pairs 13-14) have a significant tilt. 
The change in tilt occurs near base pairs 17 and 18, and 
the minor groove is unusually wide in this region. 

Superimposing B-DNA on the complex confirms that 
there are no drastic distortions in the binding site, but it 
is clear that the major groove is several angstroms wider 
than normal in the region where helix 3 binds. Most of the 
changes seem to occur in the DNA strand that contacts 
the C-terminal portion of helix 3. The slightly lower helical 
twists between base pairs 14 and 15 and between base 
pairs 13 and 14 may contribute to the widening of the ma- 

Table 1. Local Helical Parameters for the DNA Site 

Twist (Degrees) 

Position Base Pair Helical Propeller Tilt (Degrees) 

2 

3 

4 

5 

8 

7 

8 

9 

10 

11 

12 

13 

14 

15 

18 

17 

18 

19 

20 

21 

T.A 

T,A 

T.A 

G.C 

C,G 

C.G 

A.T 

T,A 

GC 

T.A 

A.T 

A.T 

T,A 

T,A 

A,T 

C2.G 

C.G 

T.A 

A,T 

A.T 

35.3 

32.1 

33.1 

37.4 

27.9 

44.7 

29.5 

40.8 

28.1 

39.8 

35.1 

30.4 

32.2 

34.5 

31 .o 

40.8 

31.9 

33.8 

32.8 

15.8 

9.2 

15.3 

10.4 

8.9 

5.5 

8.7 

10.0 

12.8 

5.8 

18.3 

21.5 

15.2 

12.9 

14.8 

21.8 

17.4 

12.9 

13.8 

20.2 

4.1 

0.8 

5.5 

2.2 

1.5 

3.9 

8.1 

4.5 

2.9 

8.1 

5.4 

8.2 

5.4 

3.9 

4.8 

7.7 

18.8 

18.8 

21.7 

18.7 

jor groove. The base pairs also have a significant tilt in this 
region, and this may affect the groove width. 

TAAT Subsite Allows Alignment with Other 
Binding Sltes 
A deeper understanding of homeodomain-DNA interac- 
tions requires that we integrate the structural data with 
results from genetic and biochemical studies. To proceed 
with any detailed comparison, we need to align the bind- 
ing site used in the crystal with binding sites used in other 
studies. Obtaining the correct alignment is complicated by 
the fact that individual homeodomain proteins can recog- 
nize a variety of different binding sites. However, the sub- 
sequence TAAT occurs in most homeodomain binding 
sites (Scott et al., 1989), and recent experiments with 
Ultrabithorax have emphasized the importance of a TAAT 
core (S. C. Ekker, K. E. Young, and P A. Beachy, submit- 
ted). Aligning this subsite should provide the best pros- 
pect for correlating our structural data with results from 
other studies. 

The most plausible alignment uses the TAAT subsite 
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that includes base pairs 11-14 on the upper strand. This 
is satisfying from a structural perspective, since the en- 
grailed homeodomain contacts each of these base pairs. 
Another TAAT sequence occurs at base pairs 16-13 on the 
lower strand, but the engrailed homeodomain makes 
fewer contacts with this TAAT sequence and it seems less 
plausible that this could constitute the “core consensus” 
binding site. Other data confirm that the TAAT site at base 
pairs 11-14 is the appropriate one to use when aligning se- 
quences: 

First, this alignment is consistent with the model that 
S. D. Hanes and R. Brent (submitted) derived from an ele- 
gant genetic analysis of the homeodomain-DNA contacts. 
Their data allowed them to infer that the ninth residue of 
the recognition helix (i.e., Gln-50 of engrailed) makes criti- 
cal contacts just to the 3’side of the TAAT subsite. Our 
alignment is fully consistent with their model, since Gln-50 
contacts base pair 16. Their data exclude the alternative 
assumption (that base pairs 16-13 provide the critical 
TAAT) since this would leave Gln-50 near the 5’end of the 
TAAT subsite. 

Second, ethylation interference experiments have been 
done with an Antennapedia binding site (Affolter et al., 
1990) that contains a TAAT sequence. Our preferred align- 
ment matches every phosphate contact seen in the en- 
grailed cocrystal structure with a phosphate contact in- 
ferred from these ethylation interference experiments. (It 
seems safe to assume that the Antennapedia and en- 
grailed homeodomains make generally similar contacts 
with the DNA backbones, and studies of the bacterial 
repressors have demonstrated that there is a very close 
correlation between the contacts seen in a cocrystal and’ 
contacts inferred from ethylation interference experiments 
[Johnson, 1980; Jordan and Pabo, 19881.) 

Third, footprinting experiments using fragments of Ott-1 
and complexes of Ott-1 with other proteins show that the 
Ott-1 homeodomain binds to a TAAT subsite and indicate 
that helix 2 is on the 3’side of this TAAT site (T M. Kristie 
and l? A. Sharp, submitted). 

Comparison with Biochemical and Genetic Data 
about Homeodomain-DNA Contacts 
The structure reported here is consistent with a vast body 
of data about homeodomain-DNA interactions. One obvi- 
ous and satisfying aspect of the structure is the important 
role played by the most highly conserved residues of the 
homeodomain. Our structure shows that each of the invar- 
iant residues plays a critical role in folding and/or recogni- 
tion. The structure also helps us understand why genetic 
experiments have pinpointed residue 50 as a critical resi- 
due for controlling specificity of the homeodomain-DNA 
interactions (Hanes and Brent, 1989; Treisman et al., 
1989; S. D. Hanes and Ft. Brent, submitted). This side 
chain points directly into the major groove and clearly is 
in an excellent position to contribute to the specificity of 
binding and recognition. In the current complex, it forms 
a van der Waals contact with the methyl group of a thy- 
mine, but we were surprised that Gln-50 does not hydro- 
gen bond to the adenine at base pair 15 or to some other 
position in the major groove. Studies are in progress to 

see whether Gln-50 can hydrogen bond to a base under 
other circumstances. For example, it is possible that bind- 
ing of the neighboring homeodomain distorts the DNA 
enough to prevent Gin-50 from making its preferred con- 
tact. The neighboring homeodomain contacts the phos- 
phates between bases 16 and 19 on the upper strand. The 
high propeller twist at base pair 17, the high helical twist 
between base pairs 17 and 18, and the unusual tilt angles 
in this region (Table 1) all suggest that the DNA is some- 
what distorted in this region. To address this issue, we 
have recently grown cocrystals in which the upper strand 
has been synthesized as two separate segments. After an- 
nealing, this leaves a “nick” between nucleotides 16 and 
17 on the upper strand, and this may prevent the binding 
of one homeodomain from distorting the binding site of 
the other. In vitro selection schemes are also being used 
to find the optimal sequence for engrailed binding (E. M.-B. 
and T. K., unpublished data) and these experiments should 
help determine whether Gln-50 might prefer other bases 
at positions 15 and 16. 

Residue 50 plays an important role in distinguishing 
one homeodomain binding site from another (Hanes and 
Brent, 1989; Treisman et al., 1989) but the structure 
makes it clear that lie-47 and Asn-51 also play very impor- 
tant roles in recognition. The genetic experiments focused 
on differences in amino acid sequence that were respon- 
sible for differences in specificity. Asndl is invariant, and 
lie or Val (which could make a similar sequence-specific 
contact) is almost always present at position 47. Contacts 
made by these residues will have a central role in recog- 
nizing the TAAT subsite and in distinguishing this from 
nonspecific DNA. 

The structure reported here readily explains the other 
highly conserved residues and regions of the homeodo- 
main. A number of conserved residues-for example, lle- 
16 and Phe90- help to form the hydrophobic interior in 
engrailed and Antennapedia (Qian et al., 1989). The crys- 
tal structure of the complex also reveals important con- 
tacts made by highly conserved residues (such as Arg-3 
and Arg-5) near the N-terminal end of the homeodomain 
and by highly conserved residues near the C-terminal end 
of the homeodomain (Figures 5, 6, and 7). 

The Homeodomain Uses the HTH Motif 
in a Novel Way 
Sequence comparisons had suggested (Laughon and 
Scott, 1984; Shepard et al., 1984) and nuclear magnetic 
resonance studies of the Antennapedia homeodomain 
had confirmed (Qian et al., 1989) that the homeodomain 
contains an HTH motif that is structurally similar to that ob- 
served in the prokaryotic repressors (Pabo and Sauer, 
1984). The engrailed structure also confirms that these 
HTH motifs are quite similar. The C,s for residues 33-52 
of ), repressor can be superimposed on the C,s for 
residues 31-50 of the engrailed homeodomain with a root- 
mean-square (rms) distance of only 0.84 A between cor- 
responding atoms (Figure 8A). This rms distance is only 
slightly larger than the distances typically obtained when 
superimposing the HTH units of two prokaryotic repres- 
sors. Some of the aligned residues in the two proteins 
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Figure 6. Comparison of the HTH Units in the 1, Repressor-Operator 
Complex and the Homeodomain-DNA Complex 

Helices 2 and 3 are shown for each protein (residues 33-52 for h 
repressor; residues 26-56 for engrailed), but the complexes were 
aligned by superimposing corresponding C,s of the HTH units 
(residues 33-52 for I repressor; residues 31-50 for engrailed). 
(A) View of the HTH units that is roughly perpendicular to the recogni- 
tion helices. Residues from the )L repressor are shown in orange; 
residues from engrailed are shown in yellow. 
(B) Complexes seen from the same perspective as (A). The A DNA is 
shown in blue; the engrailed binding site is shown in purple. 
(C) View of the complexes looking along the recognition helix. 

(e.g., 116-45 of engrailed and Val-47 of L repressor) play 
similar roles in stabilizing the HTH units, and these are 
precisely the positions that are most diagnostic in se- 
quence searches for the HTH unit. 

In spite of the similar backbone structures for the HTH 
units, the engrailed cocrystal structure reveals that the 
HTH units are used in significantly different ways in the 
homeodomain-DNA and repressor-operator complexes. 
Superimposing the two HTH units allows one to establish 
a common frame of reference for the two complexes, and 
it is clear that the DNA duplexes have very different posi- 
tions in this reference frame (Figure 86). If we take the ar- 
rangement seen in the I repressor-operator complex as 
a starting point, it appears that the DNA in the homeodo- 
main complex has been shifted toward the C-terminal end 
of the second helix in the HTH unit. These differences 
also are apparent if we compare the positions of residues 
that make critical contacts with the base pairs. Residues 
near the N-terminal end of the recognition helix make criti- 
cal contacts in the k repressor-operator complex. The crit- 
ical residues in engrailed are near the center of an ex- 
tended recognition helix. 

A side view reveals other differences between the two 
arrangements (Figure 8C). In the L repressor-operator 
complex, the first helix of the HTH unit (helix 2) fits part- 
way into the major groove, and the N-terminal end of this 
helix contacts the sugar-phosphate backbone of the DNA. 
In contrast, the first helix of the homeodomain’s HTH unit 
(helix 2) lies above the major groove. Relative to the frame- 
work provided by the superimposed HTH units, it appears 
that the DNA for the homeodomain has been rotated away 
from the N-terminal end of this helix. Although the position 
of helix 2 is rather different in the h and in the engrailed 
complexes, it clearly plays related roles in the two com- 
plexes. Since it packs against helix 3, we expect that it will 
stabilize folding of the recognition helix. It also seems to 
serve as an “outrigger” that will prevent helix 3 from rock- 
ing in the major groove. (Moving in one direction would 
cause helix 2 to collide with the sugar-phosphate back- 
bone; moving in the other direction would break the hydro- 
gen bonds that helix 2 makes with the DNA backbone.) It 
is interesting that Arg-31, which provides a phosphate 
contact in the engrailed complex, is aligned with Gln-33, 
which provides a corresponding contact in the 1 complex. 
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Even though helix 2 of engrailed is longer and has a differ- 
ent orientation with respect to the DNA, a structurally anal- 
ogous residue contacts the DNA backbone. 

Implications for Understanding 
Protein-DNA Interactions 
These differences in the arrangement of the HTH unit ap- 
pear dramatic and certainly help us understand why the 
homeodomain proteins constitute a distinct subfamily of 
HTH proteins. However, the prokaryotic and eukaryotic 
complexes are similar in many fundamental ways. Al- 
though the homeodomain-DNA complex reveals a num- 
ber of new and interesting features, it supports most of the 
fundamental ideas that have been developed from struc- 
tural studies of the prokaryotic HTH proteins. In this sec- 
tion we try to place the homeodomain-DNA complex in a 
broader perspective. We discuss the role of a helices in 
recognition and discuss the respective roles of contacts 
with the base pairs and contacts with the sugar-phosphate 
backbone. 

Fundamentally, the HTH unit of the prokaryotic repres- 
sors provides a way of positioning an a helix in the major 
groove, and side chains on this helix play a major role in 
site-specific binding (Jordan and Pabo, 1988; Aggarwal et 
al., 1988). (The Trp repressor-operator complex does not 
fit this paradigm [Otwinowski et al., 19881, but recent ex- 
periments suggest that the Trp repressor may have been 
crystallized with a nonspecific binding site [Staacke et al., 
19901.) Despite significant differences in the position and 
orientation of the helices, it is clear that the recognition he- 
lix of the homeodomain has a fundamentally similar role. 
In fact, there was no reason to suppose that the position 
of the recognition helix needed to be conserved in all HTH 
proteins. There are no strict constraints on this relation- 
ship because there is no strict relationship between the 
periodicity of an a helix and the periodicity of B-DNA, and 
at an atomic level the shape and appearance of an a helix 
will be dominated by the amino acid sequence of the helix. 
Since the sequence will change from one protein to the 
next, the recognition helix will look significantly different 
and may pack against the DNA in a significantly differ- 
ent way. 

Structural studies of the prokaryotic repressors also made 
it clear that a single a helix would only be able to contact 
a few base pairs. This constraint has a relatively simple 
geometric basis: since the major groove has the shape of 
a “helical saddle:’ a straight a-helical segment can only 
contact a few adjacent base pairs. Even though the recog- 
nition helix of the homeodomain is much longer, we see 
a similar constraint in this complex. A dramatic kink-suf- 
ficient to generate independent helical segments-would 
be needed to keep a longer helical region in contact with 
the major groove. Although the solution structure of the 
Antennapedia homeodomain had suggested that there 
was a small kink (of about 300) after residue 52, the corre- 
sponding region of engrailed forms a continuous helix in 
the homeodomain-DNA complex. In any case, modeling 
experiments show that a small kink-like that reported for 
the Antennapedia homeodomain-would not allow signifi- 
cant additional contacts in the major groove. 

Structural studies of prokaryotic DNA binding proteins 
indicate that there is no “code” for protein-DNA interac- 
tions (i.e., that there are no rigid rules determining which 
amino acids can contact which base pairs). The structure 
of the engrailed-DNA complex supports the notion that 
recognition depends on the detailed structure of the pro- 
tein-DNA interface, but we note that the contacts between 
Asn-51 and adenine are similar to the Gln-adenine con- 
tacts seen in the h and 434 complexes (Jordan and Pabo, 
1988; Aggarwal et al., 1988). This type of contact-which 
had been proposed by Seeman et al. (1978)-may be an 
especially favorable hydrogen bonding arrangement and 
may play a significant role in site-specific recognition. 
Comparisons of the X and 434 complexes (Pabo et al., 
1990) had also emphasized that amino acids tend to make 
similar contacts when they occur at similar positions 
within the HTH unit, and it will be interesting to see 
whether similar relationships hold among the set of 
homeodomain proteins. It may be possible, within the con- 
text of a highly conserved structure, to predict the bases 
that will be preferred by particular amino acids at particu- 
lar positions of the HTH unit. 

The homeodomain makes an extensive set of contacts 
with the DNA backbone, and we presume that these play 
an important role in binding and recognition. As in the 1 
repressor-operator complex, these contacts occur just on 
the 5’ sides of the region where the a helix contacts the 
base pairs, and in three dimensions these contacts are on 
the closest edges of the major groove. Although these 
backbone contacts could have some role in “indirect 
readout” of sequence information, it seems unlikely since 
this region is relatively uniform B-DNA. It seems simpler 
to imagine that their primary role is to provide a set of “fi- 
ducial marks” that help to align the homeodomain as it ap- 
proaches the DNA. Such contacts would help to control 
the position and orientation of the recognition helix and 
thus would serve to enhance the specificity of complex 
formation. 

Another interesting aspect of the homeodomain-DNA 
interactions involves the minor-groove contacts that are 
made by the N-terminal arm. Although Arg-43 of the 434 
repressor fits partway into the minor groove (Aggarwal et 
al., 1988), the engrailed structure is the first complex to 
show how several side chains from an extended chain can 
make base-specific contacts in the minor groove. The en- 
grailed contacts may be very similar to the contacts made 
by the Hin recombinase, which has been studied by incor- 
porating EDTA-Fe at particular amino acid residues and 
then mapping DNA cleavage patterns (Sluka et al., 1990). 
Like engrailed, the N-terminal portion of this DNA binding 
domain contains an Arg-ProArg sequence, and high reso- 
lution chemical footprinting experiments show that this 
N-terminal arm binds in the minor groove. 

The h repressor also has an extended N-terminal arm 
that contributes to site-specific binding, and some of the 
critical residues have identical positions when the two pro- 
tein sequences are aligned. However, the repressor’s arm 
binds in the major groove (Jordan and Pabo, 1988). Helix 
1 has a very different orientation in the two proteins, and 
this seems to determine which groove will be closest to 



the N-terminal arm. Future studies will be needed to un- 
derstand the precise role of contacts that engrailed makes 
in the minor groove, and it will be important to see how this 
N-terminal region of the homeodomain is constrained 
when it is present in the context of the intact protein. It also 
will be interesting to determine how often similar interac- 
tions occur in other proteins and whether regions of ex- 
tended polypeptide chain might make similar contacts in 
the major groove of A-DNA (which is too narrow to accom- 
modate an a helix). 

General Principles of Homeodomain-DNA 
Interactions 
The structure of the engrailed-DNA complex suggests 
some general principles about specificity in homeodo- 
main-DNA interactions. It appears that the highly con- 
served residues on helix 3 and a few residues on the 
N-terminal arm form a sort of core recognition unit that is 
responsible for many of the contacts with the TAAT sub- 
site. However,.there will be a vast number of TAAT se- 
quences in the genome, and these contacts, even when 
supplemented by sequence-specific contacts from resi- 
due 50, would presumably not be sufficient to provide for 
the differential regulation of gene expression. Specificity 
could be enhanced in many ways: 

First, since the homeodomain occupies both the major 
and minor grooves, it may not be able to bind to DNA 
within nucleosomes. This could drastically simplify the 
problem of finding the appropriate binding sites. 

Second, other mechanisms could be involved in partic- 
ular cases. Cooperative binding of homeodomains to 
neighboring sites, binding in conjunction with other pro- 
teins, and dimerization of homeodomain proteins may in- 
crease the effective specificity of binding in particular 
systems. 

Third, it also is interesting that both the N-terminus and 
C-terminus of the homeodomain are close to the DNA and 
that particular subsets of the homeodomain proteins often 
have a cluster of conserved residues immediately preced- 
ing or immediately following the standard 80 amino acid 
homeodomain. Some of these conserved clusters of resi- 
dues may serve to modulate site-specific binding. The 
cocrystal structure makes it clear that these neighboring 
regions would be in an excellent position to directly con- 
tact neighboring bases on the DNA or to influence the 
structure or orientation of the N-terminal arm and the 
C-terminal helix. Finally, they also could provide “attach- 
ment”or “targeting” sites for other proteins that would bind 
to neighboring regions and modulate the specificity and/ 
or affinity of DNA binding. At this stage, little information 
is available about the precise role of neighboring regions. 
However, the POU domain is a particularly striking exam- 
ple of a nearby conserved region that occurs in a number 
of homeodomain proteins (Herr et al., 1988) and recent 
experiments suggest that the POU domain recognizes a 
neighboring subsite on the DNA (Ingraham et al., 1990; 
Phillip Sharp, personal communication). 

Although our model is somewhat speculative and sche- 
matic at this stage, it provides a clear connection between 
the structure of the complex and the known biological 

roles of the homeodomain proteins. Differential or modu- 
lated recognition may be particularly important for the 
subtle regulatory controls involved in differentiation and 
development. These structural data also provide a simple 
picture of how the family of homeodomain proteins may 
have diverged. Recognition could be based on a set of 
contacts with a core consensus sequence, and modulat- 
ing the interactions would generate new specificities and 
therefore new regulatory activities. 

These ideas provide a framework for thinking about 
family-subfamily relationships in proteins containing ho- 
meodomains. It clearly will be necessary to get structural 
information about other homeodomain-DNA complexes 
(particularly about the intact proteins) and to use the struc- 
tural data to design more incisive experiments about the 
roles that particular residues or regions of the protein play 
in sequence-specific binding. 

Conclusions 
This study reveals the following basic structural features 
of homeodomain-DNA interactions: 

The homeodomain makes contacts in both the major 
and minor grooves, and the critical contacts are centered 
on a conserved TAAT subsite that biochemical studies 
have highlighted as the most important part of the homeo- 
domain binding site (S. C. Ekker, K. E. Young, and P. A. 
Beachy, submitted). 

The HTH unit plays a significant role in recognition, but 
the helices in the homeodomain are longer than the corre- 
sponding helices of 1 repressor and the orientation of the 
HTH unit with respect to the DNA is rather different. In the 
homeodomain, the first helix of the HTH unit lies entirely 
above the major groove. The second helix of the HTH unit 
(the recognition helix) fits directly into the major groove, 
but the critical contacts occur in a region that would cor- 
respond to the C-terminal end of the canonical (20 resi- 
due) HTH unit. However, the recognition helix is much 
longer in the homeodomain-DNA complex and residues 
that contact the bases are near the center of this extended 
helix. 

Each of the invariant residues (defined by comparing 
sets of homeodomain sequences) plays a central role in 
folding and/or recognition. Trp-48 and Phe-49 form a cen- 
tral part of the hydrophobic core, and Tip-48 may have 
favorable electrostatic interactions with a phosphodiester 
oxygen. Asn-51 makes a pair of hydrogen bonds with an 
adenine at the third position of the TAAT subsite (TMT). 
Arg-53 hydrogen bonds with a pair of phosphate groups 
on the DNA backbone. 

Two other residues contact bases in the major groove. 
lle-47 makes hydrophobic contacts with a thymine at the 
fourth position of the TAAT subsite (TAATJ. Gln-50 projects 
directly into the major groove. In the current structure, it 
makes van der Waals contacts with a thymine methyl 
group, but small motions would allow Gln-50 to interact 
with several different positions near the 3’side of the TAAT 
subsite (TAATNN). 

Residues near the N-terminal end of the homeodomain 
make minor-groove contacts near the 5’ end of the con- 
served TAAT subsite. Argd hydrogen bonds to the thy- 
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Table 2. Statistics for Data and Derivatives 

Item Native IdUs IdU, IdU,,<. 

Resolution (A) 2.0 2.7 3.8 2.8 
Measured reflections 21,130 26,820 12,900 14,403 
Unique reflections 9,072 10,052 3,649 6,969 
&n= 4.26 4.34 3.34 3.23 
Mean isomorphous 0.21 0.11 0.20 

differenceb 
Phasing powerC 1.71 1.32 2.04 
Cullis R facto6 0.60 0.65 0.56 

Designations for the derivative data sets indicate the base pair(s) at which 5-iodouracil was substituted for thymine in the DNA used for crystallization, 
a &Zllh,i - th(/&Eitk,i, where th is the mean intensity Of the i observations of reflection h. 
b ZlFpn - Fp(/EFpH, where FpH and FP are the derivative and native structure factor amplitudes, respectively. 
’ [(FH(celc)*/l(FPH(obs) -  FPH(c~I~))*]“. 

d ZI 1Fd.r f F,,,I - Ft.~f~~r~)l/ZIFd~, - FneI for centric reflections, where Furcarc) is the calculated heavy atom structure factor. 

mine at the first position (LAAT). Arg-3 appears to hydro- 
gen bond to the thymine of the second base pair (T&AT), 
although electron density for this side chain is not as clear 
as for the other contacts. 

There are extensive contacts with the sugar-phosphate 
backbone, and many of these contacts are made by 
residues in the N-terminal arm and by residues in helix 3. 

Helix 1 does not make any direct contacts with the DNA. 
Only one residue from the following loop and only one res- 
idue from helix 2 actually contact the DNA. The primary 
role of these helices is to help stabilize the folded structure 
and to help fix the relative orientation of the N-terminal 
arm and helix 3. 

The limited number of base contacts in the complex 
suggests that the isolated homeodomain can provide only 
a modest amount of sequence specificity. Cooperative 
binding, with other homeodomains and/or with other 
regulatory proteins, may serve to enhance specificity. 
However, since the N-terminal and C-terminal regions of 
the homeodomain are near the DNA, it also is possible 
that neighboring regions of the intact proteins could 
modulate the affinity or specificity and thus allow differen- 
tial regulation of gene expression. 

Experimental Procedures 

The cocrystals were grown from a solution that contained equimolar 
amounts of the engrailed homeodomain and duplex DNA in a buffer 
containing 30 mM Bis-Tris-HCI. When the crystallization drops were 
set up, the pH was raised to 8.0-9.0 by the addition of ammonium 
hydroxide; crystals grew as the ammonium hydroxide diffused out and 
the pH returned to 6.7. Precession photographsQrevealed th$ the 
cocry$tals form in space group C2 with a = 131.2 A, b = 45.5 A, c : 
72.9 A, and 8 = 119.0° (Liu et al., 1990). The crystals diffract to 2.5p 
in all directions, but the current data set is weak beyond 2.7 or 2.8 A. 

Native diffraction data were collected on a Xentronics area detector 
(Table 2) and isomorphous derivatives were obtained by preparing 
duplex DNA that had 5-iodouracil substituted for thymine at specific 
positions. The first derivative had iodouracil substituted at base pair 16 
on the lower strand, and the second derivative had iodouracil sub- 
shtuted on the 5’ end of the upper strand. A third derivative had io- 
douracil at both positions. Difference Pattersons revealed that there 
was one DNA duplex in the asymmetric unit, and the doubly sub- 
strtuted derivative allowed us to determine the relative y coordinates 
for the iodine sites. 

Heavy-atom parameters were first refined using the program RE- 
FINE from the CCP4 (1979) package (S.E.R.C. [U.K.] Collaborative 

Computing Project No. 4, a Suite of Programs for Protein Crystallogra- 
phy, distributed from Daresbury Laboratory, Warrington, UK) and 
these data were used to phase an initial MIR map. This first map was 
relatively noisy, but the phases were improved by refining the heavy 
atom parameters against solvent-flattened phases (Rould et al., 1969). 
This is a cyclic process involving the following: S.-C. Wang’s protocol 
for iterative phase improvement (Wang, 1985); refinement, using the 
program PHARE, of the heavy-atom parameters against the Wang 
phases; and calculation of new MIR phases. After several cycles, in- 
spection of the Wang map revealed left-handed 0 helices, so we in- 
verted the coordinates of the heavy atom sites and proceeded with 
several more cycles of flattening and refinement. Phases for the last 
MIR map had a mean figure of merit of 0.67 for data from 10-3.5 A 
resolution. After a final round of solvent flattening, this map gave excel- 
lent density for the protein, and the map immediately revealed that 
there were two copies of the homeodomain bound to the 21 bp DNA 
fragment. We assumed that the structure of the engrailed homeodo- 
main would be quite similar to that of the Antennapedia homeodomain, 
and we were able to rapidly fit the protein density by using a model ex- 
tracted from published stereo photographs of the Antennapedia 
homeodomain (Qian et al., 1989; Rossmann and Argos, 1980). 

The electron density for the DNA was less clearly defined, but it was 
readily fit by using a model of uniform S-DNA and matching the refined 
iodine positions with the methyl groups of the appropriate thymines. 
The program X-PLOR was used for refinement of this initial model 
(Briinger et al., 1987; BrOnger, 1990). The rigid-body refinement option 
was used for an initial adjustment of the overall position and orientation 
of the DNA and two protein molecules. The fitst cycle of simulated an- 
nealing gave R = 0.30 for data from 10-3.2 A, but extensive rebuild- 
ing of the DNA was required. Subsequent cycles of rebuilding and 
refinement gave the current model, which has R = 0.244 for data from 
10-2.8 A resolution using a single overall temperature factor of 17.2 A* 
and without any water molecules included in the model. This model 
has good stereochemistry. The rms deviation for bond lengths is 0.019 
A, and the rms deviation for bond angles is 3.P. This model fits the 
MIR map extremely well. It also has been confirmed with a procedure 
developed by Axe1 BrOnger (personal communication) that involves 
systematically deleting short segments of the structure, using simu- 
lated annealing to minimize model bias from the phases, and examin- 
ing 2F, - F, maps that span the deleted region. 

Because structural analysis revealed that two homeodomains bind 
to the duplex used for cocrystallization, we synthesized two other 
duplexes so that we could estimate the intrinsic affinity of the engrailed 
homeodomain for each of these subsites. To eliminate binding at the 
end, we synthesized a DNA duplex with the sequence CCATGTAAT- 
TACCTGG (and its complement). Gel mobility shift experiments (in a 
buffer containing 100 mM KCI and 25 mM HEPES at pH 7.6) revealed 
that engrailed bound to this site with a Ko of l-2 x 10eg M. To esti- 
mate the intrinsic affinity for the sequences that overlap the ends of 
the 21 bp duplex, we permuted the sequence of the original duplex and 
changed some of the flanking bases. We used a site with the sequence 
CCGCCTAATTTTGCCA (and its complement), and gel mobility shift 



experiments indicated that this site had a Ko of 1 x 10e7 M. (Base 
pairs 4-16 of this site correspond to base pairs 17-21 and 1-8 of the 
duplex used for crystallization.) 
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Availability of Coordinates 

Coordinates are being deposited with the Brookhaven Data Bank. 
While these are being processed by Brookhaven and prepared for dis- 
tribution, interested scientists may obtain a set of coordinates either by 
sending an appropriate BITNET address to us at PABO@JHUIGF or 
by sending a l/z” tape with a mailing envelope and sufficient return 
postage. 

Note Added In Proof 

A preliminary NMR analysis of the Antp-DNA complex has been pub- 
lished: Otting, G., Qian, Y. Q., Billeter, M., Miiller, M., Affolter, M., Gehr- 
ing, W. J., and Wiithrich, K. (1990). Protein-DNA contacts in the struc- 
ture of a homeodomain-DNA complex determined by nuclear 
magnetic resonance spectroscopy in solution. EMBO J. 9,3085-3092. 
Twelve intermolecular NOES from six residues were used to dock the 
homeodomain against a model of B;DNA; each of these NOES is con- 
sistent (using a cutoff of about 5 A for the H-H distances) with the 
detailed model from our crystallographic study. 


