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Conformational Changes of the BS2 Operator DNA
upon Complex Formation with the Antennapedia
Homeodomain Studied by NMR with
13
C/15N-labeled DNA
CeÂsar FernaÂndez1, Thomas Szyperski1, Martin Billeter1, Akira Ono2
Hideo Iwai1, Masatsune Kainosho2* and Kurt WuÈthrich1*
1

Institut fuÈr Molekularbiologie
und Biophysik, EidgenoÈssische
Technische Hochschule
HoÈnggerberg, CH-8093, ZuÈrich
Switzerland
2

Department of Chemistry
Faculty of Science Tokyo
Metropolitan University
1-1 Minamiohsawa, Hachioji
192-0397, Japan

The NMR structures have been determined for a 13C/15N doubly labeled
14 base-pair DNA duplex comprising the BS2 operator sequence both
free in solution and in the complex with the Antennapedia homeodomain.
The impact of the DNA labeling is assessed from comparison with a previous structure of the same complex that was determined using isotope
labeling only for the protein. Differences between the two structure determinations are nearly completely limited to the DNA, which retains the
global B-conformation of the free DNA also in the complex. Local protein-induced conformational changes are a narrowing of the minor
groove due to the interaction with the N-terminal arm of the homeodomain, and changes of the sugar puckers of the deoxyriboses G5 and C6,
which are apparently induced by van der Waals interactions with Tyr25,
and with Gln50 and Arg53, respectively. The high conservation of these
amino acid residues in homeodomains suggests that protein-induced
shifts in some sugar puckers contribute to the af®nity of homeodomains
to their cognate DNA. The data obtained here with the Antennapedia
homeodomain-DNA complex clearly show that nucleic acid isotope-labeling can support detailed conformational characterization of DNA in
complexes with proteins, which will be indispensable for structure determinations of complexes containing globally distorted DNA conformations.
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Introduction
Three classes of genes have been described that
specify the body plan (Gehring, 1987) of the fruit ¯y
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Drosophila melanogaster. Genes from all three classes
contain a highly conserved coding fragment of
about 180 bp, which is commonly referred to as the
homeobox (McGinnis et al., 1984; Scott & Weiner,
1984). The homeobox encodes the 60 amino acid residue homeodomain (HD), which was ®rst found in
the Drosophila homeotic mutant Antennapedia (Antp)
(McGinnis et al., 1984; Scott & Weiner, 1984). Homeodomains have since been discovered in organisms
ranging from yeast to humans (Scott et al., 1989),
and mediate DNA-binding of the entire protein
encoded by the homeobox-containing genes; for
example, the Antp protein. Because of their interest
for developmental biology, homeodomain-DNA
interactions have been extensively studied,
and have actually become a paradigm for studies
of general principles governing protein-DNA
interactions. A recombinant Antp homeodomain
# 1999 Academic Press
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polypeptide of 68 amino acid residues has been
shown to retain the ability of speci®c binding to the
cognate DNA (MuÈller et al., 1988), and the NMR
structures of this polypeptide (Quian et al., 1989;
Billeter et al., 1990) as well as its complex with a
14 bp DNA duplex containing the BS2 binding site
have been determined (Otting et al., 1990; Quian
et al., 1993a,b; Billeter et al., 1993, 1996). Recently,
the structure of the Antp HD-DNA complex has
been solved by X-ray crystallography, and from
comparison with the NMR data the authors conclude that there is a high level of compatibility
between the results obtained with the two techniques (Fraenkel & Pabo, 1998).
So far, the Antp HD-DNA complex has been studied with isotope labeling of the protein (Quian
et al., 1993; Billeter et al., 1993). Here, we use this
system to evaluate the impact of additional isotope-labeling of the DNA in NMR structure determinations of protein-DNA complexes, in particular
for structure re®nement of the bound DNA. The
14 bp DNA duplex used to prepare the Antp HD
complex was either fully 13C,15N-labeled, or uniformly 13C,15N-labeled at the nucleotides implicated in intermolecular DNA-protein NOEs in the
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previously determined NMR solution structure of
the Antp HD-DNA complex (Billeter et al., 1993).
To identify the conformational changes of the
DNA that arise from complex formation, the NMR
structure of the labeled free DNA duplex was
determined and compared with the structure of
the labeled DNA duplex when bound to the homeodomain.

Results
Impact of DNA 13C/15N-labeling for the NMR
structure determination
The use of the labeled DNA resulted in a threefold increase of the number of intra-DNA NOEs,
and the 13C/15N double-labeling of the DNA
further enabled measurement of a large number of
otherwise inaccessible spin-spin coupling constants, i.e. 3JC20 P (Szyperski et al., 1997), 3JHH
(Szyperski et al., 1998), 3JC40 P, 3JH30 P (Szyperski et al.,
1999a) and 3JH50 /H500 P. In view of the resulting large
number of conformational constraints (Table 1), we
decided to use a structure calculation protocol
similar to the standard protocol for protein struc-

Table 1. Statistics for the determination of the energy-re®ned NMR structure of the free DNA duplex of Figure 2 and
the Antp homeodomain-DNA complex with the program DYANA
Free DNA duplex
A. Input for the DYANA structure calculation
NOE upper distance limitsa
570
Hydrogen bond distance constraintsc
112
d
Ring closure distance constraints
280
e
293
Dihedral angle constraints
H20 /H200
27
Stereospecific assignments, DNAf
H50 /H500
5
B. Residual violations of upper distance constraints and dihedral angle constraints
g Ê2
DYANA target function (A )
Average
0.94
Range
0.84 ... 0.98
Ê)
Ê
NOE constraint violationsh (A
n>0.1 A
0.10  0.30
Max
0.09  0.00
h

Dihedral angle violations (deg.)
n>2
2.70  1.79
Max
2.46  1.13
C. AMBER energiesh
Van der Waals (kcal molÿ1)
ÿ235  8
1273  77
Electrostatic (kcal molÿ1)
Ê)
D. Average RMS deviations for different atom selectionsi (A
DNA 2-13, 16-27
Backbone
1.38 (3.30)
Heavy-atoms
1.20 (2.84)
DNA 2-13, 16-27; Antp 8-56
Backbone
Heavy-atoms
DNA 7-11, 18-22; Antp 43-54
Backbone
(interface)
Heavy-atoms
a

DNA duplex bound
to the Antp HD

Antp HD-DNA
complex

475b
112
280
284
24
6

1359b
112
280
622
24
6

0.69
0.61 ... 0.74
0.00  0.00
0.09  0.01
15.95  3.23
3.29  0.51

5.26
3.93 ... 6.42
0.60  0.73
0.10  0.01
8.70  2.35
3.51  0.52

ÿ213  6
964  38

ÿ433  22
ÿ5521  244

1.49
1.34
-

1.35
1.21
1.20
1.35
0.56
0.78

(1.89)
(1.68)
(1.63)
(1.69)
(1.05)
(1.11)

Number of NOE constraints after considering pseudo-atom corrections with the program DYANA (GuÈntert et al., 1997).
The corresponding values in the previous NMR structure determination of the Antp HD-DNA complex without isotope labeling
of the DNA were: 151 (DNA duplex bound to the Antp HD) and 1045 (Antp HD-DNA complex) (Billeter et al., 1993).
c
Hydrogen bond constraints (two distance limit constraints for each hydrogen bond) were introduced for the 12 non-terminal
Watson-Crick base-pairs of the duplex as inferred from the imino proton exchange rates (see Materials and Methods, and Figure 2).
d
Five distance limits per deoxyribose moiety were applied to enforce ring closure (see Materials and Methods).
e
Output of the grid search performed with the FOUND (GuÈntert et al., 1997) module of DYANA.
f
Stereospeci®c assignments were obtained using the FOUND and GLOMSA modules of DYANA.
g
Before energy minimization.
h
Average over the 20 energy-re®ned DYANA conformers and standard deviation.
i
The values in parentheses were obtained for a structure determination performed without inclusion of the dihedral angle constraints derived from scalar spin-spin couplings into the input (see the text).
b
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ture determination (WuÈthrich, 1986; Szyperski et al.,
1999b). To assess the impact of the newly
measured scalar couplings on the structure determination, DYANA (GuÈntert et al., 1997) calculations were performed with and without inclusion
of these conformational constraints. Comparison of
the RMSD values (Table 1) revealed that the
additional measurement of these couplings
resulted in signi®cantly improved precision of the
DNA structure determination in the free and HDbound forms.
As expected, no additional intra-protein constraint resulted from the use of the labeled DNA,
and when compared with the structure determination based on labeling of the protein (Billeter
et al., 1993), only seven new intermolecular protein-DNA NOEs could be observed. This outcome
was anticipated from a previous theoretical
analysis of the HD-DNA interface (Billeter &
WuÈthrich, 1993).
NMR structure of the free DNA duplex
in solution
The NMR structure of the free 14mer DNA
duplex was obtained from 1255 conformational
constraints using the program DYANA (Table 1).
Figure 1(a) shows a superposition of the 20 best
energy-re®ned DYANA conformers that were
selected to represent the solution structure. The
high quality of the structure determination is
re¯ected by the small residual constraint violaÊ relative to
tions, and by the RMSD value of 1.2 A
the mean coordinates calculated for all heavyatoms of the non-terminal base-pairs formed by
nucleotides 2 to 13 and 16 to 27 (Figure 2). The presence of a stable duplex is clearly manifested by
the slow imino proton exchange rates, which
further re¯ect increased fraying of base-pairs 1-28,
2-27, 3-26, 13-16 and 14-15 (Figure 2(a)).

The ranges of the backbone and glycosidic dihedral angle values found in the 20 energy-re®ned
DYANA conformers are very similar to those of a
standard B-helix (data not shown). The same is
re¯ected by the average helical twist of 35.9(1.2)
(standard B-DNA 35.6  ), which corresponds to
10 bp per turn (standard B-DNA 10.1), and an
Ê (stanaverage rise per base-pair of 3.54(0.10) A
Ê ) (Hartmann & Lavery, 1996).
dard B-DNA 3.38 A
Moreover, only canonical BI phosphodiester backbone conformations (etzÿ) were observed
(Szyperski et al., 1997).
NMR solution structure of the Antp
homeodomain-DNA complex
The NMR structure of the Antp HD-DNA complex was obtained from 2373 conformational constraints using the program DYANA (Table 1 and
Figure 1(b)). Compared to the previous structure
determination without DNA labeling, the DNAprotein interface is better de®ned, as evidenced by
the low RMSD values for the atom selection from
Ê
the interface (Table 1), for which the values 0.84 A
Ê for all heavy-atoms
for the backbone and 1.01 A
had been obtained without DNA-labeling (Billeter
et al., 1993). The orientation of the side-chains of
Gln50 and Asn51 is still not well de®ned, but intermolecular hydrogen bonds are observed in part of
the energy-re®ned DYANA conformers. These two
residues form direct or water-mediated contacts
with the DNA in all 3D structures of homeodomain-DNA complexes known to date (Billeter et al.,
1993; Fraenkel & Pabo, 1998; Tucker-Kellog et al.,
1998; Kissinger et al., 1990; Wolberger et al., 1991;
Klem et al., 1994; Hirsch & Aggarwal, 1995; Li et al.,
1995; Wilson et al., 1995; Wolberger, 1996). Multiple
local conformations of Gln50 and Asn51 were
observed in most of these crystal structures, which
provides a rationale for the apparent exchange

Figure 1. NMR structures determined with 13C,15N-labeled 50 -GAA
AGCCATTAGAG-30 50 -CTCTAATG
GCTTTC-30 . (a) Free DNA in
solution. (b) DNA in the Antp HDDNA complex. All heavy-atoms of
the 12 non-terminal base-pairs in
the 20 best energy-re®ned DYANA
conformers used to represent the
NMR structure have been superimposed for minimal RMSD (Table 1).
Color code: phosphodiester backbone, red; deoxyribose rings,
orange; bases, yellow. In (b), the
backbone of the Antp HD is represented by a gray ribbon.
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the average rise per base-pair amounts to
Ê . Similar to the free duplex (see
3.60(0.13) A
above), these values are very close to those
expected for standard B-DNA (Hartmann &
Lavery, 1996), and the phosphodiester backbone
again adopts a BI conformation for all nucleotides
(Szyperski et al., 1997).
The salient features of the Antp HD-DNA complex and the protein-DNA interface have been
described (Otting et al., 1990; Billeter et al., 1993;
Fraenkel & Pabo, 1998). Comparison of the present
NMR structure obtained with DNA-labeling with
the previously reported NMR structure (Billeter
et al., 1993) shows signi®cant differences mainly in
the precision of the structure determination, which
enables detection of novel, subtle changes in the
DNA that are induced by protein binding. The
threefold increase in the number of NOE upper
distance limits plus the availability of a large number of coupling constants enabled a structure calculation starting with fully randomized polypeptide
and DNA chains, which contrasts with the use of a
standard B-DNA duplex as the starting structure
in previous calculations based on a data set
collected without isotope labeling of the DNA
(Billeter et al., 1993).

Discussion
Conformational changes of the DNA upon
protein binding
Figure 2. (a) Plots of the imino proton exchange rate
constants for the individual base-pairs of the DNA
sequence given at the bottom, for the free DNA duplex
and the duplex in the Antp HD-DNA complex. Imino
protons that exhibited no cross-peak with the water line
are identi®ed by downward arrows; imino protons that
could not be detected in a 1D 1H spectrum recorded
without presaturation of the water line are represented
by upward arrows. (b) Plot of the minimal O40 -O40 distances, d(O40 -O40 ), measured across the minor groove of
the DNA duplex free in solution (open circles) and in
the Antp HD-DNA complex (®lled circles). The minor
groove widths can be estimated from these distances by
Ê (Han et al., 1997). The circles represent
subtracting 2.8 A
the mean values obtained by averaging over all 20
energy-re®ned DYANA conformers, and the corresponding standard deviations are indicated by vertical
lines. In the DNA sequence at the bottom, the numbering of the nucleotides is given, and those nucleotides
are underlined that were labeled in the partially 13C,15Nlabeled duplex (see the text).

broadening of the NMR lines in the Antp HD-DNA
complex.
The DNA duplex in the complex with the Antp
HD is not signi®cantly bent. The average helical
twist calculated for the non-terminal base-pairs is
35.6(2.1) , corresponding to 10 bp per turn, and

Comparison of the free DNA duplex in solution
and the Antp HD-DNA complex shows that the
DNA in the complex largely retains the B-type conformation seen for the free DNA. The RMSD value
Ê calculated between the DNA heavyof 2.37 A
atoms of the free and protein-bound duplexes is
smaller than the sum of the RMSD values for the
two forms (Table 1), which shows that protein
binding does not result in global changes of the
DNA conformation.
Local conformational changes between the free
and the bound DNA include a narrowing of the
minor groove upon protein binding for the three
base-pairs 11-18, 12-17 and 13-16 (Figures 2(b) and
3). The strongly reduced imino proton exchange
rate of A13 in the protein-DNA complex when
compared with the free DNA (Figure 2(a)) indicates that the N-terminal arm binds tightly into the
minor grove (Otting et al., 1990; Billeter et al.,
1993). It thus appears that the observed minor
groove compression is related to the binding of the
N-terminal arm of the Antp HD. In the crystal
structure of the Antp HD-DNA complex (Fraenkel
& Pabo, 1998), the minor groove width follows a
pattern similar to that shown in Figure 2(b) for the
presently described complex from NMR.
Changes of DNA dihedral angles in excess of
20  caused by protein binding are observed for e
and w of G5, g of A8 and of G12, and b and g of
A13. Inspection of the 3D structure reveals that
protein-DNA contacts may well be responsible for
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Figure 3. View into the minor
groove of the DNA segment
comprising bases 7 to 13 and 16 to
22. The DYANA conformer with
the smallest RMSD from the mean
coordinates is shown. (a) Free
DNA. (b) DNA in the Antp HDDNA complex. In (b), the N-terminal arm of the protein with
residues 1 to 7 is represented by a
blue spline function drawn through
the a-carbon atoms. The shortest
O40 -O40 distances across the minor
groove are indicated by red bars
(see also Figure 2(b)).

these conformational shifts, i.e. the phosphate
group of G5 is contacted by Arg31 and Lys46, and
the backbone atoms of G12 and A13 interact with
Arg3 and Arg5 in the minor groove, respectively
(Figure 4). Since Arg5, Arg31 and Lys46 are con-

served in more than 97 % of all homeodomain
sequences known to date (Billeter, 1996), it is
tempting to speculate that these intermolecular
contacts are important for stabilizing the HD-DNA
complexes.

Figure 4. Intermolecular contacts
in the Antp HD-DNA complex
described in the text. In the DNA
major groove, Ile47 (yellow) shows
hydrophobic contacts with the
methyl group of T21, Gln50 (red)
and Arg53 (beige) contact nucleotide C6, and Tyr25 (brown), Arg31
(magenta) and Lys46 (pink) interact
with nucleotide G5. In the minor
groove, Arg5 (blue) forms a hydrogen bond to backbone atoms of
A13, and Arg3 (light blue) shows
contacts to the phosphate group of
G12. The amino acid side-chains
are represented as ball-and-stick
models. Hydrogen bonds within
the DNA duplex are shown as
broken orange lines, two intermolecular hydrogen bonds as broken
yellow lines. The van der Waals
contacts between Ile47 and T21 are
indicated with yellow dotted
spheres. The DNA is colored green
and the backbone of the Antp HD
is displayed in gray.
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Analysis of the deoxyribose conformations in the
free DNA and the protein-DNA complex was performed within the framework of a two-state model
(Hartmann & Lavery, 1996; Widmer & WuÈthrich,
1987), assuming rapid interconversion between the
C20 -endo and C30 -endo states (pucker amplitude
35  ). The nearly complete sets of 3JHH scalar couplings (Table 2) (Szyperski et al., 1998) show that all
deoxyribose rings, on average, adopt about 90 %
C20 -endo, except for G5 in the Antp HD-DNA complex, which exhibits 45 % to 70 % C20 -endo conformer. Although no dihedral angle constraints in the
complex were derived for n1 and n2 in G5 (see
Materials and Methods), NOE data yielded S
conformation (C20 -endo to C10 -exo), which is similar
to all other sugar rings. Intriguingly, the sugar ring
of G5 interacts with the aromatic ring of Tyr25
(Figure 4). Similarly, shifts of 3JH10 H20 observed for
C6 and T21 upon complexation (Table 2) can be
correlated with intermolecular van der Waals interactions. In particular, C6 contacts directly the sidechains of Gln50 and Arg53, and T21 is involved in
numerous intermolecular contacts, although no
direct van der Waals contacts are seen from its
deoxyribose atoms to any particular protein residue. The apparent conformational adaptability of
the deoxyriboses may contribute to improved
intermolecular contacts in the Antp HD-DNA complex, thereby increasing its stability. The aforemen-

tioned contacts are found in all three-dimensional
structures of HD-DNA complexes known to date
(Billeter et al., 1993; Fraenkel & Pabo, 1998; TuckerKellog et al., 1998; Kissinger et al., 1990; Wolberger
et al., 1991; Klem et al., 1994; Hirsch & Aggarwal,
1995; Li et al., 1995; Wilson et al., 1995; Wolberger,
1996). Furthermore, Tyr25, Gln50 and Arg53 are
among the most highly conserved residues in
homeodomains (Billeter, 1996), suggesting that the
presently identi®ed ``induced ®t'' interactions
involving conformational shifts of sugar puckers
might be a general feature of the formation of
homeodomain-DNA complexes.
Implications for the use of isotope-labeled
nucleic acids in studies of protein-nucleic
acid complexes
The presently studied Antp HD-DNA complex
is, by today's standards, a quite simple system,
and the previous NMR structure determination
without DNA-labeling (Otting et al., 1990; Qian
et al., 1993a,b; Billeter et al., 1993) have been fully
re-validated by a recent crystallographic study
(Fraenkel & Pabo, 1998). An important advance
obtained with the use of the labeled DNA is that
both the DNA and the protein part of the structure
have now been determined de novo, starting from
randomized coils, whereas the previous structure

Table 2. 3JHH Couplings (Hz) measured for the DNA duplex of Figure 2 free in solution and in the Antp(C39S)
HD-DNA complex
Nucleotidea
G1
A2
A3
A4
G5
C6
C7
A8
T9
T10
A11
G12
A13
G14
C15
T16
C17
T18
A19
A20
T21
G22
G23
C24
T25
T26
T27
C28

3

JH10 H20

9.3/9.1
9.4/8.9
9.1/9.1
8.0/8.5
9.5/5.6b
8.6/6.8b
8.9/8.1
8.9/8.1
8.4/8.3
9.4/8.6
9.7/-c
9.8/-c
8.5/9.8
7.0/8.6
5.4/5.4
9.4/9.1
8.4/8.4
8.9/9.2
8.8/8.9/9.2
9.2/7.2b
9.6/8.4
9.7/10.1
7.3/7.8
8.9/8.4
8.4/7.7/-c/-c

3

3

5.6/5.2
-/4.8
5.0/4.5
5.9/5.4
5.9/5.8
5.8/4.6
5.8/5.4
5.5/4.3
5.8/5.4
5.9/4.8
5.6/-c
4.3/-c
5.5/6.1
5.3/5.7
6.6/6.4
5.7/6.1
5.7/4.6
5.9/5.2
4.4/5.4/3.9
5.8/6.2
4.9/4.4/4.6
5.6/5.9
5.8/5.5
6.3/5.8/-c/-c

4.6/4.2
4.1/3.5
5.0/4.0
5.4/3.6
5.4/6.5
5.3/5.5/6.1
4.6/7.0/5.7
5.0/4.2/-c
4.8/-c
4.3/6.5/6.4
6.3/6.5
4.9/4.3
6.0/6.5
5.7/5.0/5.5/5.5
6.6/6.7
4.5/4.8/6.0/5.7/4.7
6.6/5.1
6.3/4.8
-c/-c

JH10 H200

JH20 H30

3

JH200 H30

1.0/0.3
<2.0/1.6
<2.0/ < 2.0
<2.0/1.2
<2.0/4.3b
2.5/1.7/2.1
0.8/1.8/ < 2.0
0.7/2.1/-c
<2.0/-c
<2.0/<6.5/1.8
6.0/5.5
<2.0/ < 2.0
2.0/ < 2.0
1.2/<2.0/<2.0/ < 2.0
2.0/1.3
<2.0/4.8/3.1/1.0/ < 2.0
2.3/1.0
2.8/ < 4.3
-c/-c

The ®rst value is for the free DNA and the second entry is for the Antp HD-DNA complex.
Labeled nucleotides in the partially labeled duplex are underlined.
b
Bold if j3JHH (free DNA ÿ complex)j > 1.5 Hz.
c
No data given, since the chemical shifts of the geminal protons were degenerate or nearly degenerate.
a

3

JH30 H40

1.4/ < 2.0
<2.0/ < 2.0
2.3/ < 2.0
2.5/ < 2.0
2.5/4.1b
3.6/2.8/4.1
<2.0/4.0/2.7
3.2/2.2/ < 2.0
1.9/ < 2.0
<2.0/ < 2.0
4.1/3.1
5.9/5.7
1.4/2.7
2.6/1.6
2.1/<2.0/<2.0/3.0
4.2/4.5
1.3/ < 2.0
<2.0/ < 2.0
4.5/2.5/ < 2.0
3.7/2.5
3.9/2.4
4.9/4.0

DNA Structure Changes upon Binding to a Homeodomain

calculation for the complex included a re®nement
of an ad hoc assumed standard B-DNA in the starting structures. In the present study we could thus
investigate
protein-induced
conformational
changes of the DNA by comparing high-quality
NMR solution structures of both the free and the
bound DNA. This yielded novel insights into
subtle HD-induced local conformational changes,
which extend present understanding of HD-DNA
interactions. From the present experience, one can
predict that isotope labeling of DNA fragments
in their complexes with proteins will enable
precise DNA structure determinations also in
instances where protein binding causes major
rearrangements of the nucleic acid conformation.
This prediction receives support from recent demonstrations (Dingley & Grzesiek, 1998; Pervushin
et al., 1998) that 15N-labeling of nucleic acids
enables direct identi®cation of nucleotide pairing
by scalar couplings across the Watson-Crick hydrogen bonds, and thus opens an avenue, for the ®rst
time, of direct NMR-identi®cation of base-pairing
in irregular nucleic acid structures.

Materials and Methods
Sample preparation and NMR spectroscopy
The NMR sample preparation of Antp HD-DNA complexes comprising the 13C,15N doubly labeled DNA and
the NMR experiments were performed as described
(FernaÂndez et al., 1998; Szyperski et al., 1997, 1998).
Collection of structural constraints
The sequence-speci®c resonance assignments for the
presently used DNA duplexes were as described
(FernaÂndez et al., 1998). 1H-1H upper limit distance constraints for the DNA and the protein-DNA interface
were derived from two 750 MHz 3D 13C-resolved
[1H,1H]-NOESY spectra centered on the deoxyribose
region and the base resonances, respectively, and from
750 MHz 2D [1H,1H]-NOESY spectra recorded in H2O or
2
H2O (Anil-Kumar et al., 1980). These newly determined
distance constraints were added to the previously
derived 1H-1H upper limit distance constraints for the
protein in the Antp HD-DNA complex (Quian et al.,
1993a,b; Billeter et al., 1993). The central 12 bp in the
DNA duplex have typical imino proton exchange rates
for non-terminal Watson-Crick base-pairs (GueÂron &
Leroy, 1995), as estimated from the relative intensities of
the diagonal peaks and the cross-peaks at o1(H2O) in a
2D [1H,1H]-NOESY spectrum recorded in H2O. Accordingly, hydrogen bond constraints for these base-pairs
were added to the input for the structure calculation.
3
JHH scalar coupling constants for the deoxyribose
rings obtained from 3D HCH-COSY spectra (Szyperski
et al., 1998; Grzesiek et al., 1995) (Table 2) were translated
into constraints for the dihedral angles n1 37(2) and
n2 ÿ35(6) (Kim et al., 1992; Saenger, 1984), which
corresponds to a pseudorotation phase angle range of
155(15) for the present situation with C30 -endo conformation in excess of 80 %. For G5 in the complex, the 3JHH
couplings re¯ect rapid repuckering for the deoxyribose
ring (Szyperski et al., 1998), and therefore no n1 and n2
constraints were included in the input.
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Dihedral angle constraints for e and b were obtained
from 3JC20 P (Szyperski et al., 1997), 3JH30 P (Tate et al., 1995;
Szyperski et al., 1999a) and 3JC40 P (Szyperski et al., 1999a)
using the corresponding Karplus curves (Plavec & Chattopadhyahya, 1995; Mooren et al., 1994). In addition,
dihedral angle constraints for b were derived from a
qualitative evaluation of 3JH50 P and 3JH500 P couplings
(Varani et al., 1996). Dihedral angle constraints for g
were derived from the H40 resonance line-widths
(Kim et al., 1992).
For the free DNA duplex (for the Antp HD-DNA complex), a total of 766 (1555) upper limit distance constraints were used as input for DYANA (GuÈntert et al.,
1997) (570 (1359) NOE distance constraints, 56 (56)
hydrogen bond constraints and 140 (140) ring closure
constraints) and 196 (196) lower limit distance constraints (56 (56) hydrogen bond constraints and 140 (140)
ring closure constraints). For the Antp HD-DNA complex, the 1555 upper limit distance constraints consist of
671 and 820 intramolecular distance constraints for the
DNA and the protein, respectively, and 64 intermolecular DNA-protein distance constraints. For the free DNA
duplex (for the Antp HD-DNA complex), 24 (16) 3JC20 P
couplings (Szyperski et al., 1997) and 20 (17) 3JH30 P couplings (Szyperski et al., 1999a) were measured (see the
Supplementary Material). Combination with 17 (18) 3JC40 P
couplings yielded a total of 16 (14) constraints for the
backbone dihedral angle b. 56 (54) constraints for the
angles n1 and n2 were derived from measurement of 135
(97) 3JHH scalar couplings (Szyperski et al., 1998) (Table 2).
Additionally, a total of 18 dihedral angle constraints for
g were derived from measurement of H40 resonance linewidths (Kim et al., 1992), and 12 3JNHb couplings were
estimated from 3D HNNHB (Archer et al., 1991) for the
Antp HD-DNA complex. These data yielded a total of
293 (622) dihedral angle constraints in the input for the
®nal DYANA calculation (see Table 1).
Calculation and analysis of the three-dimensional
NMR structures
The intranucleotide and sequential upper limit distance constraints, and the scalar couplings were translated into dihedral angle constraints with the FOUND
module (GuÈntert et al., 1998) of DYANA, which performs
a grid search for allowed conformations in the space
spanned by the seven torsion angles and the two ring
puckers describing a dinucleotide segment. FOUND provided also stereospeci®c assignments for some H50 /H500
protons. Additional stereospeci®c assignments for H50 /
H500 protons were obtained with the GLOMSA module
of DYANA during the re®nement procedure (GuÈntert
et al., 1997). The input for the ®nal DYANA structure calculation included constraints to close the sugar rings
Ê ; C40 -O40 1.41 A
Ê ; C40 -C10 2.40 A
Ê ; C50 -O40
(C30 -O40 2.28 A
Ê ; and H40 -O40 2.12 A
Ê ) (Luxor & Gorenstein, 1995).
2.39 A
The structure calculations with DYANA made use of
``pseudolinkers00 to connect the protein and the two
DNA chains. The ®nal calculation was started with 300
randomized structures. The 20 DYANA conformers with
the smallest residual target function values were subjected to restrained energy minimization in a water shell
Ê thickness, using the AMBER all-atom force-®eld
of 15 A
(Cornell et al., 1995) as implemented in the program
OPAL (LuginbuÈhl et al., 1996). Helix parameters were
determined with the program CURVES (Lavery &
Sklenar, 1988). All color Figures were generated with the
program MOLMOL (Koradi et al., 1996).
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