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The nuclear magnetic resonance (NMR) solution structure of the non-classi-
cal homeodomain from the rat liver LFB1/HNF1 transcription factor was
determined with the program DIANA from an input of 1356 nuclear Over-
hauser enhancement (NOE) upper distance constraints and 228 dihedral
angle constraints collected using experiments with the unlabelled, the uni-
formly 15N-labelled and the uniformly 13C-labelled protein. Out of a group
of 50 independently calculated conformers the 20 conformers with the
smallest residual DIANA target function values were re®ned by energy
minimization with the program OPAL and are used to represent the
NMR structure. The average of the pairwise root-mean-square deviations
(r.m.s.d.) of these 20 individual NMR conformers relative to the mean coor-
dinates is 0.73 AÊ (1 AÊ � 0.1 nm) for the backbone atoms N, Ca and C0 of
residues 15 to 82. The chain-terminal polypeptide segments 1±14 and 90±
99 are disordered in solution. The globular fold contains three well-de®ned
helices comprising the residues 19 to 29, 37 to 53 and 71 to 81, and the third
helix is extended by a less well-ordered fourth helix with residues 82 to 89,
which coincides with corresponding observations in ``classical'' homeodo-
mains. Side-chain analysis resulted in 33 ``best-de®ned'' side-chains, with
global displacements smaller than 1.1 AÊ , and addition of these side-chains
to the global superposition of residues 15 to 82 resulted in a r.m.s.d of
0.81 AÊ . The protein contains two hydrophobic cores, one of which corre-
sponds to the helical packing seen in classical homeodomains, while the
other one stabilizes the conformation of the 21-residue insertion between
helices II and III. The individual helices and their relative spatial arrange-
ments are stabilized by a variety of structural motifs, which include
medium-range and long-range hydrogen bonds and salt bridges. Detailed
comparison with the Antennapedia homeodomain, and studies of the com-
plex formation with an operator DNA half-site provided initial information
on the DNA-binding mode of the LFB1/HNF1 homeodomain.
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Introduction

The LFB1/HNF1-protein is a major component
of the hepatocyte-speci®c expression apparatus of
many genes (DeSimone & Cortese, 1991; Mendel &
Crabtree, 1991). It activates the transcription of
several liver-speci®c genes by binding as a dimer
to palindromic cis-acting elements. A 99-residue
recombinant polypeptide containing the sequence
of residues 195 to 286 of the wild-type protein
in positions 5 to 96 binds as a monomer to a
half-palindromic binding site with a stability of
# 1997 Academic Press Limited



Figure 1. Composite plot of
o1(

1H)±o3(
1H) strips taken from

a 3D HCCH-COSY spectrum
recorded with the uniformly 13C-
labelled LFB1/HNF1-homeodomain
(protein concentration 3 mM, sol-
vent 2H2O, p2H � 4.6, t � 22�C, 1H-
frequency � 600 MHz). Individual
strips of the residues Ile52, Gln53
and Arg54 were taken from differ-
ent o1(

1H)±o3(
1H) planes at the

corresponding 13C frequencies and
ordered according to the side-chain
atom positions from a to the per-
iphery. The assignment pathways
are indicated with lines connecting
the diagonal peaks and cross-peaks
of the individual pairs of coupled
resonances. At the top and the bot-
tom of the individual strips the 1H
and 13C chemical shifts, respect-
ively, of the diagonal peaks are
indicated.
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Kd � 10ÿ9 M (Tomei et al., 1992). In this construct
the LFB1/HNF1-homeodomain, which differs
from classical homeodomains (Gehring et al.,
1994) by a 21-residue insertion between the two
helices of the helix-turn-helix motif, extends from
residues 9 to 89. The global backbone fold of this
protein fragment was previously determined by
NMR (Leiting et al., 1993), and a crystal structure
at 2.8 AÊ resolution of the same polypeptide is
also available (Ceska et al., 1993). Although the
crystals used for the structure determination were
grown in a solution containing the protein and a
DNA duplex with the operator sequence, only
the protein was observed in the crystals. It thus
appears unlikely that co-crystals containing a
DNA complex of this homeodomain can readily
be obtained, and NMR may thus be the only
technique capable of providing further structural
data on this system. As an essential step toward
a complete structure determination of the com-
plex, we describe here a high-quality NMR struc-
ture determination of the free LFB1/HNF1-
homeodomain.

Results and Discussion

Resonance assignments

As is commonly observed in proteins containing
exclusively helices as regular secondary structures,
the homonuclear 1D and 2D 1H NMR spectra of
the LFB1/HNF1-homeodomain are poorly resolved.
Therefore we used almost exclusively hetero-
nuclear-resolved three-dimensional data sets for the



Figure 2. Plot of the number of NOE upper distance
constraints per residue, n, versus the sequence of the
LFB1/HNF1-homeodomain. The constraints are speci-
®ed as follows: ®lled, intraresidual; cross-hatched, con-
straints between protons in sequentially neighbouring
residues; vertically hatched, medium-range constraints
between protons located in residues separated by two to
®ve positions along the sequence; open, all longer-range
constraints. At the top the sequence locations of the
regular secondary structures are indicated.
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present study. All spectra used for the resonance as-
signment and the structure determination were re-
corded at pH 4.6, which differs from the pH value of
3.6 used by Leiting et al. (1993), and the temperature
was 22�C throughout.

For the sequence-speci®c resonance assignments
we initially followed the standard strategy of es-
tablishing sequential connectivities between the 1H
spin systems of the individual amino acid residues
with 1H±1H NOEs (WuÈ thrich, 1986), using 3D 15N-
resolved 1H±1H COSY and NOESY spectra. The
sequence-speci®c resonance assignments of the
polypeptide backbone were subsequently veri®ed
using a constant-time 3D HNCA experiment re-
corded with a 13C,15N-doubly labelled protein
sample. Only a small number of residues showed
signi®cant chemical shift changes between the pre-
sently used pH value of 4.6 and pH 3.6 (Leiting
et al., 1993). The previous partial resonance assign-
ments for the amino acid side-chains (Leiting et al.,
1993) were completed using 3D HCCH-COSY, and
a 3D HCCH-TOCSY experiment with a mixing
time of 19.3 ms, both recorded with a uniformly
13C-labelled protein sample. As an illustration,
Figure 1 shows the side-chain assignments by
HCCH-COSY for the residues 52 to 54.

The 1H, 13C and 15N chemical shifts of the LFB1/
HNF1-homeodomain are indirectly referenced
(Wishart et al., 1995). Complete assignments were
obtained for the polypeptide backbone and for the
non-labile protons of the amino acid-side chains,
with the sole exceptions of dCH2 of Arg13, dC of
Arg30 and gC of Arg39. The peripheral side-chain
NHn moieties were only partially assigned because
of extensive spectral overlap. The hydroxyl protons
of Ser, Thr and Tyr were not observed.

Individual proton assignments for 14 bCH2

groups were obtained with the program HABAS.
In addition, 18 out of the 22 methyl groups of
valine and leucine were stereospeci®cally assigned
with the use of biosynthetically directed fractional
13C labelling (Senn et al., 1989; Neri et al., 1989).

Collection of conformational constraints and
structure calculation

On the basis of the complete 1H resonance as-
signments, a more extensive set of NOEs has been
assigned than in previously reported work (Leiting
et al., 1993), using the following three NOESY
spectra (see Materials and Methods): 2D [1H,1H]-
NOESY in 2H2O solution with a mixing time of
40 ms; 3D 15N-resolved [1H,1H]-NOESY in H2O sol-
ution with a mixing time of 50 ms; 3D 13C-resolved
[1H,1H]-NOESY in 2H2O solution with a mixing
time of 60 ms. A total of 2792 cross-peaks were as-
signed in these three data sets. NOESY cross-peak
integration was achieved using an option of the
program package XEASY (Bartels et al., 1995). In
addition, 84 3JHNa homonuclear coupling constants
were measured by a series of J-modulated
[15N,1H]-COSY spectra (Billeter et al., 1992; Neri
et al., 1990). After the initial processing of these
data with the programs HABAS (GuÈ ntert et al.,
1989) and DIANA (GuÈ ntert et al., 1991), the input
of ``relevant'' constraints for the structure calcu-
lations with the program DIANA consisted of 1356
NOE upper limits on proton±proton distances (369
intraresidual, 359 sequential, 400 medium-range,
228 long-range) and 228 constraints on f, c and w1

angles. The sequence distribution of the NOE dis-
tance constraints is shown in Figure 2. High con-
straint density is found in the a-helical regions. No
medium-range or long-range NOE distance con-
straints can be found either for the N-terminal 13-
residue segment or for the C-terminal 10-residue
segment, showing that these two chain terminal
polypeptide segments are not observably involved
in non-bonding interactions with the protein core.

The quality of the NMR structure calculated
with the program DIANA (GuÈ ntert et al., 1991) and
re®ned by energy-minimization with the program
OPAL (LuginbuÈ hl et al., 1996) is documented with
the Tables 1 and 2, and Figures 3A and 4. Table 1
shows that the NMR structure represented by the
20 best DIANA conformers represents a good ®t of
the experimental data, with very small residual
constraint violations. Table 2 shows that the LFB1/
HNF1-homeodomain can be structurally character-
ized with good precision for the polypeptide back-
bone segment 15±82 and for 33 ``best-de®ned''
amino acid side-chains forming the protein core.
This is supplemented by the visual display of the
displacements of residues 14 to 89 after superposi-
tion for minimal r.m.s.d of the backbone atoms N,
Ca and C0 of residues 15 to 82 (Figure 3A), which
shows that the helices I, II and III have only small
local backbone displacements, while increased dis-
order is found in the loop connecting the helices II



Table 1. Analysis of the 20 DIANA conformers of
LFB1/HNF1 used to represent the NMR structure, after
restrained energy minimization with the program OPAL

Quantity
Average � standard deviation

(range)a

DIANA target function (AÊ 2)b 0.65 � 0.19 (0.31 . . . 0.96)
AMBER energy (kcal/mol)c ÿ3269.2 � 190.9

(ÿ3761.5 . . . ÿ 2906.0)
Residual violations of NOE
distance constraints
Sum (AÊ ) 8.42 � 0.56 (7.17 . . . 9.75)
Maximum (AÊ ) 0.10 � 0.00 (0.10 . . . 0.11)
Residual violations of dihedral
angle constraints
Sum (degrees) 10.0 � 2.9 (4.3 . . . 15.1)
Maximum (degrees) 1.8 � 0.3 (1.1 . . . 2.2)

A total of 50 conformers were calculated and the 20 structures
with the smallest residual DIANA target function values were
subjected to energy minimization in a water bath with a water
shell of minimal thickness 6.0 AÊ .

a For the group of 20 conformers after energy minimization.
b The value given for the DIANA target function corresponds

to the value before energy minimization (the DIANA target
function is not de®ned after energy minimization, since the con-
formers no longer have ECEPP standard geometry).

c The value given represents the intra-protein interaction
energy.

Table 2. Quantitative characterization of the structure
determination of the LFB1/HNF1 homeodomain by
NMR in solution, comparison with the X-ray structure
of LFB1/HNF1, and comparison with the NMR solution
structure of the Antennapedia homeodomain

Atoms used for comparison r.m.s.d. (AÊ )

hNMRi - NMRa

N, Ca, C0 of residues 15 to 82 0.73 � 0.11
Same with best-de®ned side-chainsb 0.81 � 0.09
Same with all heavy atoms 1.27 � 0.08
N, Ca, C0 of residues 15 to 89 0.93 � 0.20
N, Ca, C0 of residues 71 to 89 0.70 � 0.23
hNMRi - X-rayc

N, Ca, C0 of residues 15 to 82 1.13
Same with best-de®ned side-chains 1.77
hNMRi(LFB1/HNF1) - hNMRi(Antp)d

N, Ca, C0 (16±46, 70±84; 8±38, 41±55)e,f 1.40
N, Ca, C0 (16±46, 70±89; 8±38, 41±60)e,g 1.53
N, Ca, C0 (36±46, 70±81; 28±38, 41±52)e,h 0.85

a hNMRi denotes the average coordinates of the 20 conformers
that represent the solution structure of the LFB1/HNF1-homeo-
domain, which were calculated after superposition of the con-
formers 2 to 20 onto conformer 1 for minimal r.m.s.d. of the
backbone atoms of the residues 15 to 82; NMR denotes the 20
individual, energy-re®ned DIANA conformers.

b 33 residues with Dsc
glob 4 1.1AÊ : Trp16, Pro18, Ala19, Ser20,

Ile23, Leu24, Gln26, Ala27, Tyr28, Pro34, Thr41, Leu42, Val43,
Cys46, Asn47, Ala49, Cys51, Ile52, Val56, Ser57, Pro58, Ser59,
Ala61, Leu64, Leu68, Val69, Thr70, Val72, Val74, Tyr75, Trp77,
Phe78, Ala79.

c The coordinates of the X-ray structure were taken from the
Protein Data Bank (PDB-entry 1lfb).

d The mean structure of the Antennapedia homeodomain was
calculated for residues 6±58, using the data from Billeter et al.
(1990).

e The ®rst two segments are from the LFB1/HNF1 homeo-
domain, the latter two segments contain the corresponding
locations in the Antp homeodomain (Billeter et al., 1990).

f These two segments give rise to optimal superposition of
the 3D structures.

g These two segments comprise all four helices.
h These two segments form the two helices of the helix±

turn±helix motif.
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and III, and in the helix IV from residues 82 to 89.
The N and C-terminal segments are disordered in
solution and are not shown in Figure 3A. The data
of Figure 3A are quanti®ed by the plots of the
variability along the sequence of the backbone
dihedral angles in Figure 4.

The global architecture of the LFB1/HNF1-
homeodomain

The global architecture is dominated by the
spatial arrangement of the four a-helices
(Figure 3A), which are the only regular secondary
structures, where helix IV is an extension of the
``recognition helix'' III (see below). a-Helices were
identi®ed when a hydrogen bond between the car-
bonyl oxygen of residue i and the amide proton of
residue i � 4 was assigned in at least ten confor-
mers. This resulted in the identi®cation of helix I
from residues 19 to 29, helix II from residues 37 to
53, helix III from residues 71 to 81, and helix IV
from residues 82 to 89. For these helical segments
the f and c dihedral angles are within a narrow
range centred about the standard a-helix values of
ÿ57 and ÿ47�, respectively (Figure 4). The helices I
and II lie almost antiparallel in a down-and-up
arrangement in the orientation of Figure 3A, while
the helices III and IV are oriented approximately
perpendicular to this two-helix bundle. The helices
are held together by a core of ten tightly packed
hydrophobic amino acids (Trp16, Ile23, Leu24,
Ala27, Leu42, Val43, Val69, Val74, Trp77, Phe78).
Seven of these amino acids are either invariant
(Trp77, Phe78) or highly conserved (Trp16, Leu24,
Leu42, Val69, Val74) in all homeodomains (Scott
et al., 1989). The invariant Trp77 and Phe78 and the
highly conserved residues 16, 24, 42, 69 and 74 are
all buried inside the molecule. As mentioned be-
fore, the N and C-terminal segments 1±13 and 90±
99 (not shown in Figure 3) are disordered in sol-
ution, which is expected from the scarcity of med-
ium-range and long-range distance constraints
(Figure 2). This global fold coincides quite closely
with a previous NMR investigation (Leiting et al.,
1993) and a low resolution X-ray crystal structure
(Ceska et al., 1993; see below). Compared to the re-
port by Leiting et al. (1993) the entire polypeptide
backbone structure is more precisely de®ned and
the description of the fold is supported by precise
positioning of a large fraction of the amino acid
side-chains (Table 2). The only signi®cant qualitat-
ive difference is that the helix II now extends from
residues 37 to 53, rather than 36 to 50.

A total of 29 out of the 33 ``best-de®ned'' side-
chains (Table 2) are hydrophobic. Conversely, with
the sole exception of Phe25, which sticks out into
the solvent, all hydrophobic side-chains belong to
the best-de®ned side-chains, and no charged side-
chain is found in this group (Table 2). The best-de-



Figure 3. A, Presentation of the NMR structure of the LFB1/HNF1-homeodomain by a cylindrical rod representing,
by its variable radius, the displacements of individual heavy atoms among the 20 energy-minimized DIANA confor-
mers used to represent the solution structure. The polypeptide backbone of residues 15 to 89 and the 33 best-de®ned
side-chains (see footnote to Table 2) are shown, with the backbone represented by a spline function through the Ca-
positions and the side-chains by bonds between the heavy atoms. To compute the displacements the conformers 2 to
20 were superimposed for pairwise minimal r.m.s.d. of the backbone atoms N, Ca, C0 of residues 15 to 82 with con-
former 1. B, Local superposition of the 20 ®nal, energy-minimized DIANA conformers for best ®t of the backbone
atoms N, Ca and C0 of residues 71 to 89, which form the helices III and IV (see the text).

NMR Structure of the LFB1/HNF1 Homeodomain 677
®ned side-chains form two hydrophobic clusters,
one of which is in the centre of the protein and cor-
responds to the core observed in classical homeo-
domains. A second, smaller cluster is formed by
the extended loop between helices II and III, which
consists of the insertion segment (Figure 3A). The
charge distribution observed in the LFB1/HNF1-
homeodomain shows distinct clusters of positive
and negative charges. In particular, the helices III
and IV, which are known to have contacts with the
major groove of the DNA in other homeodomain-
DNA complexes, carry the positive charges of
Arg73, Arg81, Arg82, Lys83, Lys90 and Lys91.

Special secondary and tertiary structure motifs

A variety of structural motifs stabilize the indi-
vidual helices (Figure 5). Helix I is N-capped by
Gly17 and initiated by Pro18 (Figure 5A). These
residue types are typically found at the onset of
a-helical secondary structures (Richardson &
Richardson, 1988). The N terminus of helix I is
further stabilized by a hydrogen bond He1 Gln21±
O0 Gly17, and its C terminus is stabilized by an
(i,i � 4) cation-p interaction (Dougherty, 1996) be-
tween zNH3

� of Lys32 and the aromatic ring of
Tyr28 (Figure 5A). The loop between helices I and
II is bridged by a hydrogen bond He1 Gln31±Oe
Glu38 (not shown). Helix II is N-capped by a
Pro34±Ser35 dipeptide, and the side-chains of
Lys36 and Glu40 form an (i,i � 4) salt bridge be-
tween their charged groups (Figure 5B). An ad-
ditional salt bridge in helix II is observed between
the side chains of Glu44 and Arg48, and it is C-
capped by Gly55, which has an aL-conformation,
and the C-terminal end is further stabilized by a
hydrogen bond Oe Glu50±He Gln53. Helix III (not
shown) is initiated by Thr70 and Glu71, which is
a residue type that is often observed in one of
the ®rst three helical positions (Richardson &
Richardson, 1988), and there is a hydrogen bond
Hd1 Asn76±O0 Val72. In helix IV there is a salt
bridge between the charged groups of Arg81 and
Glu85 (Figure 6).

The global fold of the LFB1/HNF1-homeodo-
main is stabilized by numerous speci®c interhelical
interactions (Figure 6). The packing of helix I
against helix II involves a hydrogen bond He

Gln26±Oe Glu45. Long-range cation-p interactions
have been identi®ed between the guanidinium
group of Arg73 and the aromatic ring of Phe14,
and between Arg81 and Tyr28, and there is a hy-
drogen bond Hd2 Asn47±O0 Val69. Helix IV is held
against the C-terminal end of helix I by a hydrogen
bond Oe Glu85±HZ Tyr28. It is worth noting, that
the guanidinium group of Arg81 is sandwiched



Figure 4. Plot of the dihedral angle values f and c ver-
sus the sequence of the LFB1/HNF1-homeodomain. The
small dots correspond to the f and c angle values in
the 20 energy-minimized DIANA conformers used to
represent the solution structure, the large dots represent
the value in the crystal structure (the coordinates were
reported only for the segment 13±89), and the rectangles
indicate the dihedral angle ranges spanned by the 20
NMR conformers.

Figure 5. Local structural motifs which stabilize individ-
ual helices in the NMR solution structure of the LFB1/
HNF1-homeodomain. The polypeptide backbone is
shown as a red and yellow ribbon for the helices, and
as a grey cylinder otherwise. The side-chains are
represented as ball-and-stick models with the following
colour code: carbon atoms, grey; nitrogen atoms, blue;
oxygen atoms, red; hydrogen atoms, white. Hydrogen
atoms are displayed only when part of a speci®c inter-
action. Hydrogen bonds, salt bridges and cation-p inter-
actions are indicated by green, broken cylinders. A,
Helix I, with the N-capping residue Gly17 forming the
hydrogen bond He1 Gln21±O0 Gly17, and the C-terminal
cation-p interaction between the positively charged
zNH3

�-group of Lys32 and the aromatic ring of Tyr28.
B Helix II, with the N-terminal dipeptide segment
Pro34±Ser35, two salt bridges between charged side-
chain groups, Lys36±Glu40 and Glu44±Arg48, the
hydrogen bond Oe Glu50±He Gln53, and the C-capping
residue Gly55, which is in the aL-conformation.
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between the aromatic rings of Tyr28 and Trp77,
which gives rise to a 2-fold cation-p interaction
(Figure 6).

Comparison of the NMR and X-ray crystal
structures of the LFB1/HNF1-homeodomain

The crystal structure of the LFB1/HNF1-homeo-
domain has been determined at a resolution of
2.8 AÊ (Ceska et al., 1993). The r.m.s.d. value be-
tween the mean coordinates of the NMR structure
and the crystal structure of 1.13 AÊ (Table 2) is
based on best-®t superposition for minimal r.m.s.d.
of the segment 15±82, which includes the 21-resi-
due insertion in the helix-turn-helix motif. Since
the average of the pairwise r.m.s.d. values between
the mean NMR coordinates and the 20 individual
NMR conformers is only 0.73 AÊ (Table 2), there
must be some signi®cant differences between the
NMR and crystal structures. This conclusion is also
supported by the displacements between the 33
side-chains which are best-de®ned in the NMR
structure (Table 2), as calculated after superposi-
tion of the backbone atoms N, Ca and C0 of resi-
dues 15 to 82. Inspection of Figure 7, which
provides a detailed comparison of the NMR and
crystal structures for the polypeptide backbone
and the heavy atoms of the 33 best-de®ned side-
chains, shows that differences occur at the end of
helix I, in the loop connecting the helices II and III,
and at the end of helix IV. The core side-chains can
be quite tightly superimposed. These visual im-
pressions are supplemented by comparison of the
backbone±backbone hydrogen bonds in the two
structures, which shows that the NMR structure
contains regular a-helical structure through residue
31, whereas the C-terminal turn of helix I in the
crystal structure is distorted and includes a 310-
helix hydrogen bond. Extensive differences in hy-
drogen bonding are observed in the ``insertion''



Figure 6. Hydrogen bonding interactions, salt bridges
and cation±p interactions that stabilize the global fold
of the LFB1/HNF1-homeodomain. Same presentation as
in Figure 5. The following speci®c interactions are
shown: the hydrogen bond Hd2 Asn47±O0 Val69, cation-
p interactions between the guanidinium group of Arg73
and the aromatic ring of Phe14, the hydrogen bond He

Gln26±Oe Glu45, cation±p interactions between the gua-
nidinium group of Arg81 and the aromatic rings of
Trp77 and Tyr28, a salt bridge between the side-chains
of Arg81 and Glu85, and a hydrogen bond Oe Glu85±
HZ Tyr28.

Figure 7. Comparison of the NMR solution structure
and the X-ray crystal structure of the LFB1/HNF1-
homeodomains. The backbones of the mean solution
structure and the crystal structure are shown as cyan
and red tubes, respectively. Only residues 15 to 89 are
shown, since the N and C-terminal ends 1 to 14 and 90
to 99 are disordered in solution, and have not been
reported in the crystal structure. The 33 side-chains
which are ``best-de®ned'' in the NMR structure (see
footnote to Table 2) are shown in yellow for the solution
structure and green for the crystal structure.
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from residues 52 to 73, where the hydrogen bonds
in the NMR structure identify two separate turns
of 310-helix, with residues 51 to 55, and 57 to 61, re-
spectively, which are not reported in the crystal
structure. Finally, hydrogen bonds in the NMR
structure indicate a regular helix for residues 82 to
89, but the corresponding hydrogen bonds are ab-
sent in the crystal structure. The structural differ-
ences indicated by different hydrogen bonding are
also manifested in signi®cant differences of the
backbone dihedral angles f and c for correspond-
ing residues in the two structures (Figure 4).

Only part of the previously mentioned special
structural motifs in the solution structure of the
LFB1/HNF1-homeodomain are present also in the
crystal structure. For example, in helix I the intra-
molecular hydrogen bond He1 Gln21±O0 Gly17 is
replaced by protein±protein crystal contacts invol-
ving an intermolecular hydrogen bond He2 Gln21±
Oe1 Gln21, and the cation±p interactions between
the positively charged xNH3

�-group of Lys32 and
the aromatic ring of Tyr28 cannot be identi®ed
either in the crystal structure. In helix II, the ab-
sence of all local structural motifs shown in
Figure 5B can again be explained by protein±pro-
tein contacts in the crystal involving intermolecular
hydrogen bonds HZ Tyr75±Oe1 Glu40, HN Glu37±
Oe1 Glu44, HN Glu38±Oe2 Glu44 and He22 Gln53±
O0 Glu48. The intramolecular cation±p interactions
of Arg81 with the aromatic rings of Tyr28 and
Trp77 are absent in the crystal structure, and the
salt bridge between Gln26 and Glu45 (Figure 6) is
replaced by intermolecular crystal contacts invol-
ving a hydrogen bond between the side-chains of
Gln26 and Glu29, and a salt bridge between Glu45
and Arg48. The cation±p interaction of the side-
chain of Arg73 with the aromatic ring of Phe14 is
one of the few speci®c interactions in Figures 5
and 6 that can also be observed in the crystal struc-
ture. Overall, the NMR solution structure differs
from the crystal structure in several aspects that
are relevant for protein stability and protein fold-
ing. The eight-residue elongation of the C-terminal
helix represents an environment-dependent change
in local stability, and its real importance concerns
the latent helix propensity for residues 82 to 89
that allows the extension of the C-terminal helix in
homeodomains upon DNA-binding (Qian et al.,
1994; Wolberger 1996). The replacement of helix
caps in the crystal structure by interprotein con-
tacts is of general interest with regard to interpret-
ation of structural data relating to protein folding
and stability.

Comparison of the recognition helix of the
LFB1/HNF1-homeodomain with those in
classical homeodomains

In the initial structure determination of the Antp
homeodomain (Qian et al., 1989) the recognition
helix revealed two special features: (1) Compared
to prokaryotic repressor proteins the helix was
elongated by two turns, which was subsequently
found to be related to a different DNA-binding
mode when compared to prokaryotic repressors
(Otting et al., 1990). (2) The recognition helix was
clearly divided into a well structured N-terminal
part (helix III) and a less precisely de®ned C-term-



Figure 8. Amino acid sequence alignment for the ``rec-
ognition helix'' in the LFB1/HNF1, Antp and ftz homeo-
domains (the fragment shown forms the helices III and
IV), and survey of the sequential and medium-range
NOE connectivities in the segment 69±90 of the LFB1/
HNF1-homeodomain. The widths of the bars for the
sequential connectivities, dNN and daN, re¯ect the rela-
tive NOE intensities. Medium-range connectivities,
daN(i,i � 3), dab(i,i � 3) and daN(i,i � 4), are represented
by lines starting and ending at the positions of the inter-
acting residues. The numeration in the centre of the
®gure refers to the LFB1/HNF1-homeodomain, and the
numbers at the bottom to the Antp and ftz homeodo-
mains. In the sequence comparisons identical amino
acids are connected by ®lled vertical bars and conserva-
tively exchanged residues by stippled bars. Black
squares above the sequences identify residues with
observably slowed amide proton exchange.
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inal elongation (helix IV). Subsequently, evidence
was presented that helix IV was either absent or
only little populated in the solution structures of
the ftz (Qian et al., 1994) and NK-2 homeodomains
(Tsao et al., 1994, 1995), and a similar observation
was made in the mutant Antp (C39S, W56S) home-
odomain (unpublished). In contrast, helix IV was
found to be well characterized in all presently
available structures of DNA complexes with home-
odomains (Wolberger, 1996; Schott, 1996). In this
context, special interest in the present project was
focused on the structural features of the recog-
nition helix in the LFB1/HNF1-homeodomain.

A local superposition of the 20 DIANA confor-
mers for the helices III and IV (Table 2, Figure 3B)
shows that the entire helical segment 71±89 is lo-
cally precisely de®ned, which is also indicated by
direct inspection of the sequential and medium-
range NOEs (Figure 8). In contrast, in a global
superposition of the LFB1/HNF1-homeodomain
for best ®t of the residues 15 to 82 the helix IV ap-
pears increasingly disordered toward the C termi-
nus (Figure 3A), and a superposition for residues
15 to 89 gives a signi®cantly increased r.m.s.d.
value when compared to the polypeptide segment
15 to 82 (Table 2). These observations indicate that
the stability of helix IV in the LFB1/HNF1-homeo-
domain is comparable to that in the Antp-homeo-
domain, and clearly increased stability is noted
when compared to the ftz and NK-2 homeodo-
mains.

Figure 8 compares the amino acid sequences of
the helices III and IV for the LFB1/HNF1, Antp
and ftz homeodomains, and shows the sequential
and medium-range NOE connectivities identi®ed
in LFB1/HNF1. The increased stability of the helix
IV in the Antp homeodomain, when compared to
ftz, is mainly due to contacts of Trp56 to helix III
and the core of the protein (unpublished). In helix
IV of the LFB1/HNF1 homeodomain no long-
range contacts to the protein core could be ident-
i®ed, but it is stabilized by a salt bridge between
the charged side-chains of Arg81 and Glu85
(Figure 6). As helix IV protrudes into the solvent,
additional stability may be conferred by the high
density of charges in the segment of residues 82 to
85. The positive and negative charges in these pos-
itions are located in the front and the back of helix
IV, respectively, and may therefore be important in
DNA binding. In conclusion, although there is
only little sequence homology between the LFB1/
HNF1 and Antp homeodomains in the region of
helix IV, this region shows surprisingly similar
structural behaviour in the two proteins. In Antp
the helical structure is stabilized by the core-con-
tacts of Trp56, while in LFB1/HNF1 the helical
structure is maintained due to the presence of a
salt bridge and a high abundance of charged
residues.

Indications for the DNA-binding mode of
the LFB1/HNF1-homeodomain

With regard to DNA-recognition it is of funda-
mental interest that the LFB1/HNF1-homeodo-
main contains a surprisingly similar helix±turn±
helix motif to that of classical homeodomains, in
spite of the 21-residue insertion in the turn. The
global fold outside of this insertion is very little af-
fected and can be closely superimposed with classi-
cal homeodomain structures. The insertion causes
an elongation of the second helix, and the addition
of a loop region and an extended chain running
parallel to the extension of the second helix
(Figure 3A). We performed preliminary exper-
iments on a complex formed by the 15N-labelled
LFB1/HNF1-homeodomain and the unlabelled
DNA duplex d-CCTTGGTTAATCGC � d-GCGAT-
TAACCAAGG, which contains one LFB1/HNF1
consensus half-site (Frain et al., 1989; Tomei et al.,
1992). Observation of the imino proton resonances
of the DNA at different protein: DNA ratios during
titration with the LFB1/HNF1-homeodomain
showed that the intermediate spectra are superpo-
sitions of the spectra of the free DNA and the 1:1
complex, indicating that the exchange is slow on
the chemical shift time scale. This result coincides
with similar studies of the Antp system (Otting
et al., 1990) and shows that a detailed structure
determination of the complex by NMR will be
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technically feasible. In a preliminary round of data
collection using the complex with the uniformly
15N-labelled LFB1/HNF1-homeodomain (Schott,
1996), nearly complete 1H NMR assignments could
be achieved for both the protein and the DNA, and
in addition to intramolecular NOEs a small num-
ber of intermolecular short distances between the
DNA and the protein could be identi®ed. Docking
of the protein to the DNA with the use of these
constraints indicates that the helices III and IV
bind into the major groove of the DNA and that
the overall orientation of the protein molecule rela-
tive to the DNA is similar to that found in other
homeodomain±DNA complexes. The 21-residue
insertion between the helices II and III has no
direct contacts to the DNA, and is actually at a dis-
tance of about 10 AÊ away from it. Thus the 21-resi-
due insertion appears not to be involved in a direct
way in the DNA recognition process, but it is ex-
posed in the structure of the binary DNA±protein
complex and could readily undergo ``higher-
order'' interactions, for example, with other pro-
teins involved in the transcription complex. Similar
conclusions resulted from model considerations
based on the X-ray crystal structure of the LFB1/
HNF1-homeodomain (Ceska et al., 1993).

Materials and Methods

Protein expression and purification, and preparation
of the NMR samples

Unlabelled, uniformly 15N-labelled, uniformly 13C-
labelled, uniformly 13C,15N-labelled, and fractionally
(10%) 13C-labelled preparations of the LFB1/HNF1-
homeodomain were used in this study. The E. coli strain
BL21(DE3)/PT7.7XL-HOM was used to express the pro-
tein, as described by Tomei et al. (1992). The protein was
puri®ed using reversed-phase chromatography with a
linear gradient of 0% to 60% acetonitrile in H2O. The
fractions containing the protein were pooled and lyophi-
lized. For the preparation of the 15N-labelled protein, the
cells were grown in ten litres of minimal medium
(10 mM (15NH4)2SO4, 96 mM potassium phosphate buffer
(pH 6.8), 0.5 mM Mg2SO4, 13 mM FeSO4, 5 mM (�)-biotin,
7 mM vitamin B1, 30 mM D(�)-glucose) at 37�C. The in-
duction time was four hours. To prepare the 13C-labelled
and the double labelled protein, the cells were grown on
four litres of the above minimal medium containing
5 mM [13C6]-D(�)-glucose in the place of the unlabelled
glucose to an OA600 of 0.6, when the medium was ex-
changed against new, identical medium and the cells
were induced for 22 hours at 26�C using 0.5 mM isopro-
pyl-b-D-1-thiogalactopyranoside (IPTG). The cells were
harvested and fractured in a French press at 1500 psi at
4�C. The cell fractions were removed by centrifugation,
and the DNA fractions and the cell proteins were separ-
ated by polyethylene-imine precipitation and am-
monium-sulphate precipitation. For the ®nal puri®cation
step of the LFB1/HNF1 polypeptide we used a cation
exchange column (heparin Sepharose CL-6B or SP-
Sepharose, Pharmacia) under reducing conditions
(20 mM Tris-HCl, (pH 8.8), 1 mM EDTA, 1 mM DTT,
50 mM NaCl). Fractions containing the protein were
pooled, titrated to pH 4.0 and extensively dialysed
against water. The pH adjustment prior to the dialysis
was needed to keep the protein in the reduced state
during the dialysis and to prevent precipitation. The dia-
lysed protein was sterile ®ltered and lyophilized.

NMR samples were prepared by dissolving the lyo-
philized protein in 50 mM NaCl in either 90% H2O/10%
2H2O or 100% 2H2O at pH 4.6. The ®nal protein concen-
trations in the different NMR samples were between 3
and 5 mM. These samples were stable for several days at
room temperature, but some protein precipitation was
noted for all samples when recording lengthy exper-
iments. In particular, the 13C,15N-labelled protein was
unstable and only limited use was possible.

NMR spectroscopy

NMR measurements were performed on a Bruker
AMX-600 spectrometer at 22�C. Quadrature detection
was achieved using States±TPPI (Marion et al., 1989).
The following experiments were recorded: 3D 15N-re-
solved-[1H,1H]-NOESY in H2O solution of the 15N-
labelled protein (Fesik & Zuiderweg, 1988; Messerle et al.,
1989) (tm � 50 ms, t1max � 28.8 ms, t2max � 11.6 ms,
t3max � 131 ms, time domain data size 200 � 12 � 1024
complex points, total recording time 102 hours); 3D
HNCA (Grzesiek & Bax, 1992) in H2O solution of the
13C,15N-labelled protein (t1max � 9.6 ms, t2max � 21.3 ms,
t3max � 65.5 ms, time domain data size 46 � 22 � 512
complex points, total recording time 59 hours); 3D
HCCH-COSY (Bax et al., 1990b) in 2H2O solution of the
13C-labelled protein (t1max � 27.2 ms, t2max � 9.6 ms,
t3max � 65.5 ms, time domain data size 160 � 30 � 512
complex data points, total recording time 84 hours); 3D
HCCH-TOCSY (Bax et al., 1990a) in 2H2O solution of the
13C-labelled protein (mixing time � 19.3 ms,
t1max � 35.3 ms, t2max � 12.2 ms, t3max � 73.8 ms, time
domain data size 128 � 38 � 512 complex data points,
total recording time 95 hours); 3D 13C-resolved NOESY
(Zuiderweg et al., 1990) in 2H2O solution of the 13C-label-
led protein (tm � 60 ms, t1max � 37.4 ms, t2max � 9.9 ms,
t3max � 65.5 ms, time domain data size 220 � 31 � 512
complex data points, total recording time 120 hours).
Prior to Fourier transformation the data sets were multi-
plied with phase-shifted sine-bell functions (De Marco &
WuÈ thrich, 1976) or with Lorentz±Gauss functions (Ernst
et al., 1987). Linear prediction using the singular value
decomposition algorithm and Fourier transformation
were performed with the program PROSA (GuÈ ntert et al.,
1992). Coupling constants 3JHNa were measured with a
series of J-modulated [15N,1H]-COSY spectra (Neri et al.,
1990; Billeter et al., 1992) with delays of 12.0, 26.8, 41.6,
56.4, 71.2, 86.0, 100.8 and 115.6 ms. The spectra were
analysed and the NOESY cross-peaks integrated with
the program XEASY (Bartels et al., 1995).

Structure calculations and structure comparisons

The input for the distance geometry calculations con-
sisted of upper distance limits derived from NOESY
cross-peak intensities with the program CALIBA (GuÈ n-
tert et al., 1991), and of dihedral angle constraints de-
rived from combined analysis of 3JHNa coupling
constants and intraresidual and sequential NOEs using
the program HABAS (GuÈ ntert et al., 1989). HABAS also
provided a number of stereospeci®c assignments of b-
methylene protons. No explicit hydrogen bond con-
straints were added to the input data. Nearly complete
assignment of the NOESY cross-peaks was achieved in
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several rounds of spectral analysis and structure calcu-
lation, using the program ASNO (GuÈ ntert et al., 1993).

Distance geometry calculations were carried out using
the program DIANA (GuÈ ntert et al., 1991) with the
REDAC strategy as described by GuÈ ntert & WuÈ thrich
(1991). Two REDAC cycles were used, followed by a
®nal minimization at maximum target level employing
only the constraints derived directly from the NOEs and
the spin±spin coupling constants. In the ®nal round of
calculations, 50 conformers were calculated from a set of
50 randomly chosen starting conformers. Restrained
energy minimization was applied to the 20 conformers
with the lowest DIANA target function values, using the
AMBER force ®eld (Weiner et al., 1986) as implemented
in the program OPAL (LuginbuÈ hl et al., 1996). The pseu-
do-potentials for NMR constraints were adjusted such
that violations of 0.1 AÊ for distance constraints and 2.5�
for dihedral angle constraints corresponded to kBT/2 at
room temperature. The o angles of all peptide bonds
were constrained to 180(� 20)�. The energy minimization
was carried out in a shell of water molecules with a
minimal thickness of 6.0 AÊ . A total of 1500 steps of con-
jugate gradient minimization were performed for each
conformer. The resulting 20 energy-minimized confor-
mers are used to represent the solution structure of the
LFB1/HNF1 homeodomain.

Superposition of multiple conformers was performed
with the program XAM (Xia, 1992). For visual inspection
of the structures and for the preparation of colour views
we used the program MOLMOL (Koradi et al., 1996).
Global superposition and pairwise r.m.s.d. values for
various subsets of atoms were computed as described by
McLachlan (1979), and displacements were calculated
according to Billeter et al. (1989).

The coordinates have been deposited with the
Brookhaven Protein Data Bank; accession number 2lfb.
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