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Plant homeodomain-leucine zipper proteins, unlike most animal homeo-
domains, bind DNA ef®ciently only as dimers. In the present work, we
report that the deletion of the homeodomain N-terminal arm (®rst nine
residues) of the homeodomain-leucine zipper protein Hahb-4 dramati-
cally affects its DNA-binding af®nity, causing a 70-fold increase in dis-
sociation constant. The addition of the N-terminal arm of Drosophila
Antennapedia to the truncated form restores the DNA-binding af®nity of
dimers to values similar to those of the native form. However, the Anten-
napedia N-terminal arm is not able to confer increased binding af®nity to
monomers of Hahb-4 lacking the leucine zipper motif, indicating that the
inef®cient binding of monomers must be due to structural differences in
other parts of the molecule. The construction of proteins with modi®-
cations at residues 5 to 7 of the homeodomain suggests strongly that
positively charged amino acids at these positions play essential roles in
determining the DNA-binding af®nity. However, the effect of mutations
at positions 6 and 7 can be counteracted by introducing a stretch of posi-
tively charged residues at positions 1 to 3 of the homeodomain. Sequence
comparisons indicate that all homeodomain-leucine zipper proteins
might use contacts of the N-terminal arm with DNA for ef®cient binding.
The occurrence of a homeodomain with a DNA-interacting N-terminal
arm must then be an ancient acquisition in evolution, earlier than the
separation of lines leading to metazoa, fungi and plants.
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Introduction

The homeodomain (HD) is a 61 amino acid resi-
due protein motif found in eukaryotic transcription
factors generally involved in the regulation of
developmental processes.1-3 It folds into a charac-
teristic three-helix structure that interacts speci®-
cally with DNA.36 Helices II and III form a
structure that resembles the helix-turn-helix motif
found in many prokaryotic transcription factors.
Helix III (the recognition helix) ®ts into the major
groove of DNA, making extensive contacts
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glutathione
with speci®c bases and the sugar-phosphate back-
bone.7-10. Helices I and II are roughly perpendicu-
lar to helix III. These two helices are antiparallel
and pack against helix III, forming a hydrophobic
core that determines the overall structure of the
HD. Only two residues in helix II and one residue
in the loop between helices I and II make contacts
with DNA. These contacts are thought to be
important in ®xing the recognition helix in the cor-
rect position in DNA. C-terminal to the three-helix
structure, a fourth helix has been described for
some HDs,4,11 whilst an extended helix III is pre-
sent in others.7,9 The N-terminal portion of the HD
(®rst nine amino acid residues) forms a disordered
arm that protrudes from helix I and orients
towards DNA, making several speci®c contacts
within the minor groove.7-10
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A group of about seven amino acid residues is
conserved in almost all HDs recognized so far.
Four of these are hydrophobic amino acid residues
that participate in maintaining the structure of the
three-helix core, two are base-contacting amino
acid residues from helix III, and the remaining
one is Arg5, a DNA-contacting residue from the
N-terminal arm.3 In spite of the resemblance in
structure between the HD and the helix-turn-helix
motif, a striking difference is that HDs usually
bind DNA as monomers with high af®nity.12,13

This fact may be explained by the presence of
extended contacts along the recognition helix and,
especially, by the stabilizing effect of contacts
made by the N-terminal arm. Accordingly, the del-
etion of this arm results in a decrease in af®nity of
approximately 100-fold.14,15

HDs are present in almost every eukaryotic
organism that has been investigated. In plants, sev-
eral families of HD proteins have been described.16

One of these families, named homeodomain-
leucine zipper (Hd-Zip), comprises proteins with
a typical leucine zipper motif adjacent to the
C-terminal end of the HD.17,18 As expected, these
proteins bind DNA as dimers.19 The removal of the
leucine zipper, or the introduction of extra amino
acid residues between the HD and the zipper, sig-
ni®cantly reduces binding af®nity, indicating that
the leucine zipper is responsible for the correct
positioning of the HD for ef®cient binding.19 The
analysis of binding at different protein concen-
trations suggests that dimer formation is a pre-
requisite for DNA binding.20 One of the questions
that immediately arise upon these observations is
that of why the HD of Hd-Zip proteins is unable
to bind DNA as a monomer, whilst other HDs
(notably those animal HDs most related in
sequence) do. An analysis of residues important
for DNA binding indicates that two residues that
have been implicated in binding, namely Arg3 and
Arg5, are not present in most Hd-Zip proteins.
This has prompted some authors to conclude that
the inef®cient binding of monomers would be the
result of the lack of interactions between the
N-terminal arm and DNA.

We have recently analyzed the interaction of the
Hd-Zip protein Hahb-4 with DNA, which rep-
resents the most divergent member of the Hd-Zip I
subclass reported up to now.20 Since this protein,
unlike other Hd-Zip proteins, contains an Arg at
position 5 of the HD, we became interested in
investigating the role of the N-terminal arm in
DNA binding. We show here that, although Arg5
can be mutated to Lys without any signi®cant
effect, the presence of the N-terminal arm is
required for ef®cient binding by dimers. We also
show that binding ef®ciency is related directly
with the presence of positively charged amino acid
residues within this segment. Accordingly, the HD
of Hd-Zip proteins resembles other HDs in this
respect, and the lack of ef®cient binding by mono-
mers may be the consequence of more subtle
differences in structure.
Results

Deletion of the N-terminal arm of the HD
affects Hahb-4 binding to DNA

The deletion of the ®rst seven amino acid resi-
dues of the HD of the Hd-Zip protein Hahb-4 had
a profound effect on DNA-binding ef®ciency
(Figure 1(a)). A detailed analysis of the binding of
native Hahb-4 and its truncated form (�N-Hahb-4)
to oligonucleotides bearing different variations of
the preferred sequence 50-CAAT(A/T)ATTG-30
suggested that these proteins had the same binding
preferences (not shown). This result indicates that
the overall structure of the HD is not altered in the
truncated protein, and that the reduced af®nity
probably arises from the fact that some contacts
between the protein and DNA have been lost.
Binding analysis at different protein concentrations
yielded an overall dissociation constant (K12) of
9.03 � 10ÿ13 M2 (Figure 2(a) and (c)). Assuming
that dimer formation is not affected in the mutant,
this represents a 70-fold reduction in binding af®-
nity of the dimer for DNA, an effect similar to that
observed with ftz (130-fold) and Msx (>30-fold)
for the binding of monomers with truncated
N-terminal arms.14,15

Since the experiments were performed with pro-
teins fused to glutathione-S-transferase (GST) in
their N-terminal part, we have considered the
possibility of steric hindrance due to the presence
of a folded domain immediately adjacent to the
HD as the cause of inef®cient binding. UV-photo-
crosslinking studies indicated, however, that two
molecules of the truncated protein are able to inter-
act with one DNA molecule possessing a single
pseudopalindromic DNA-binding site, just as
native Hahb-4 does (not shown). In addition, the
removal of the GST moiety did not reconstitute the
binding ef®ciency of the truncated protein (not
shown). Indeed, a further decrease in af®nity, rela-
tive to the form fused to GST, was evident. This
result indicates that the N-terminal arm does not
function solely as a ¯exible linker between the HD
and the rest of the protein. It seems more likely
that positive interactions with DNA are lost upon
removal of these seven amino acid residues.

The N-terminal arm of Antennapedia restores
the DNA-binding affinity to the truncated
Hahb-4 HD

If the N-terminal arm of Hahb-4 is required for
ef®cient DNA binding, we reasoned that the
addition of a functional N-terminal arm from
another HD could restore the DNA-binding af®-
nity to the truncated protein. We then constructed
a chimeric protein that contained the ®rst 11 resi-
dues of the Drosophila Antennapedia (Antp) HD,
¯anked by Hahb-4 sequences (Antp-Hahb-4). This
protein bound DNA with an af®nity similar to that
of native Hahb-4 (Figure 1(b)). From the analysis
of the binding of Antp-Hahb-4 to DNA at different



Figure 1. (a) Deletion of the N-terminal arm of the HD affects the DNA-binding af®nity of Hahb-4. Two different
amounts (50 and 100 ng in lanes 1 and 2, respectively) of either Hahb-4 or �N-Hahb-4 (�N) were analyzed by an
electrophoretic mobility shift assay for binding to a 24-mer synthetic double-stranded oligonucleotide containing the
preferred sequence CAATAATTG. (b) The N-terminal arm of the Antp HD restores the DNA-binding af®nity of trun-
cated Hahb-4 dimers. Binding of different forms of Hahb-4 with modi®cations at the N-terminal arm of the HD or
leucine zipper deletions were analyzed for DNA-binding as described. Antp, Antp-Hahb-4; �-Zip, Hahb-4 with
the complete leucine zipper removed; Antp-�Zip, Antp-Hahb-4 with the complete leucine zipper removed; �N,
�N-Hahb-4. Lanes 1 and 2 contain 50 and 100 ng of protein, respectively.
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protein concentrations a K12 of 1.28 � 10ÿ14 M2 was
calculated (Figure 2(b) and (c)). This value closely
resembles the K12 of native Hahb-4 (1.31 � 10ÿ14

M2), indicating that the lost interactions have been
restored. In this context, a pertinent question is if
the presence of the N-terminal arm of Antp, which
binds DNA as a monomer, confers the ability of
ef®cient binding to Hahb-4 monomers. The form of
the binding curve shown in Figure 2(c) suggests,
however, that either dimer formation is a prerequi-
site for ef®cient binding, or cooperative inter-
actions exist between two monomers binding to
adjacent sequences. To analyze the requirement of
dimer formation for binding, we have deleted the
leucine zipper portion to the Antp-Hahb-4 fusion.
This truncated protein showed a considerably
lower af®nity, equivalent to that of native Hahb-4
without the leucine zipper motif (Figure 1(b)), and
its binding behavior suggested that it binds DNA
as a monomer. Since the DNA-binding site used
for these studies contains two overlapping mono-
mer binding sites, we have employed UV-photo-
crosslinking to determine if two monomers of
Antp-Hahb-4 without the leucine zipper motif are
able to occupy both sites at the same time. The
appearance of a band with the mobility of dimers
(85 kDa) in a proportion similar to that observed
for native Hahb-4 suggests that two monomer mol-
ecules are able to bind to a single pseudopalindro-
mic oligonucleotide containing two adjacent
binding sites (Figure 3). This rules out steric inter-
ference between both monomers as the cause of
low-af®nity binding to DNA and reinforces the
idea that dimer formation through the leucine zip-
per is required by Antp-Hahb-4 for ef®cient bind-
ing. We then conclude that the N-terminal arm of
Antp reconstitutes high DNA-binding af®nity to
�N-Hahb-4 dimers, but is not able to transform an
inef®cient DNA-binding monomer into an ef®cient
one.

Positive charges in the N-terminal arm are
required for efficient binding

Alignment of the sequences immediately adja-
cent to helix I of the HD of the different proteins
analyzed showed almost no conservation in amino
acid residues present at de®ned positions in the
N-terminal arm that could be correlated with the
ef®ciency of binding, with the sole exception of
Arg at position 1, present in Hahb-4 and Antp-
Hahb-4, and absent from �N-Hahb-4 (Figure 4).
Indeed, positions 3, 4, and 5 (Glu, Gly and Arg,
respectively) are conserved between Hahb-4 and
�N-Hahb-4, which show very different af®nities.
This would suggest that position 5 is not important
per se for DNA binding, in accordance with the fact
that mutation of Arg5 to Lys did not affect the
binding properties of Hahb-4 (results not shown).



Figure 2. Binding curves of different amounts of �N-
Hahb-4 and Antp-Hahb-4 to DNA. Different amounts of
�N-Hahb-4 ((a) 37-365 nM), or Antp-Hahb-4 ((b) 10-
104 nM) were analyzed for DNA-binding as described.
(c) Quantitative analysis of the ratio of bound to free
DNA as a function of total protein concentration for
Hahb-4 (squares), Antp-Hahb-4 (circles), and �N-Hahb-
4 (triangles).

Figure 3. Photocrosslinking of different forms of
Hahb-4 to DNA. Amounts of different proteins that pro-
duced similar ratios of bound to free DNA in electro-
phoretic mobility shift assays were photocrosslinked to
labeled DNA and analyzed as described (see Materials
and Methods). �-Zip, Hahb-4 with the complete leucine
zipper removed; Antp, Antp-Hahb-4; Antp-�Zip, Antp-
Hahb-4 with the complete leucine zipper removed. As
control, labeled DNA was incubated without protein
under similar conditions and loaded in intermediate
lanes. The bands at 42 kDa and 85 kDa correspond to
one and two protein monomers covalently bound to
DNA, respectively. The band at 30 kDa represents a
truncated product, presumably present due to photoche-
mical cleavage of the protein-DNA adduct.
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A close examination of the number of charged
amino acid residues along the N-terminal arm of
the different proteins suggests that the number of
positive charges may be an important factor for N-
terminal arm function. Values of �3 and �4 are
obtained for Hahb-4 and Antp-Hahb-4, whilst �N-
Hahb-4 has one positively charged and one nega-
tively charged amino acid residue (Figure 4). To
analyze the in¯uence of charges in the N-terminal
arm, and to rule out any possible effects of the dis-
tance between the HD and adjacent sequences
belonging to GST, we have constructed Hahb-4
derivatives with either Ala or Glu at positions 5, 6,
and 7 of the HD (Figure 4). The af®nity of these
proteins was compared with a protein that con-
tained Arg, Lys, and Arg at these positions,
respectively, as in Hahb-4. In these proteins, all
sequences N-terminal to the HD, including the ®rst
two amino acid residues of the N-terminal arm,
have been removed and are then replaced by GST
sequences. As shown in Figure 5, the positively
charged derivative (N-Arg-Hahb-4) showed the
same af®nity as native Hahb-4. The protein with
Ala in the N-terminal arm showed an af®nity com-
parable to that of the N-terminal truncated form.
For the protein with Glu, no binding could be
observed. These results clearly indicate that posi-
tive charges at the N-terminal end of the HD are
essential for ef®cient DNA binding.

We have then analyzed the effect of single
mutations within this segment. Figure 6 shows that
the introduction of Ala at either position 5, 6 or 7
has a small effect on DNA binding. On the other
hand, a double mutant with Ala at positions 6 and
7 shows a signi®cant reduction in af®nity, while



Figure 4. Sequences at the N-
terminal arm of the HD in different
forms of Hahb-4. The N-terminal
arm and adjacent sequences of
Hahb-4 are displayed together with
sequences of the different proteins
used in this study. Residues are
numbered from the beginning of
the HD. Alignment was performed
taking helix I (beginning at residue
10) as reference. The black and
gray squares denote GST and Antp
sequences, respectively. The white
square highlights the amino acid
residues at positions 5 to 7 that
were mutated. Positive charges pre-
sent in the N-terminal arm region
are underlined.
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the introduction of a single Glu at position 6 com-
pletely abolishes binding. These results suggest
that there is an additive effect of positive charges
within this segment on DNA binding.

Based on this, it is noteworthy that Antp-Hahb-
4, which binds DNA ef®ciently, contains neutral
residues at positions 6 and 7. Then, how does the
Antp N-terminal arm participate in DNA binding
within the context of the Hahb-4 HD? Figure 6
shows that a protein with Ala at positions 6 and 7
Figure 5. In¯uence of positive charges at the N-term-
inal arm on Hahb-4 binding to DNA. Binding of differ-
ent forms of Hahb-4 with modi®cations at positions 5 to
7 of the N-terminal arm of the HD were analyzed for
DNA-binding as described. �N, �N-Hahb-4. Lanes 1
and 2 contain 50 ng and 100 ng of protein, respectively.
binds DNA ef®ciently if the sequence Arg-Lys-Arg
(as in Antp) is introduced at positions 1 to 3 of the
Hahb-4 HD. This points to the existence of ¯exible
interactions between positively charged residues of
the HD N-terminal arm and DNA. The N-terminal
arm may adopt different conformations to accom-
modate these residues for ef®cient interaction.

Discussion

Current models of DNA binding by Hd-Zip
proteins19 are based on comparisons of conserved
amino acid residues also present in animal HDs,
the structure and DNA-binding properties of
which have been studied by X-ray crystal-
lography7,9 or NMR.4,8 These models have been
validated by experimental evidence showing that
Hd-Zip proteins bind a 9-bp pseudopalindromic
DNA sequence of the type 50-CAATNATTG-30,19

which can be decomposed into two antiparallel,
partially overlapping 50-TNATTG-30 sequences,
similar to those bound by most animal HDs
(Figure 7). The third and fourth positions within
this sequence are recognized by Asn51 (almost
invariant) and Ile/Val47 (highly conserved) in ani-
mal HDs, while the ®fth and sixth positions are
thought to interact with amino acid residues at
positions 50 and 54 of the HD.3,10,21 Hd-Zip pro-
teins contain Asn at position 51, Ile/Val at position
47, Gln (as in Antp and engrailed) at position 50,
and Ala (as in engrailed, Met in Antp) at position
54, suggesting a similar mode of interaction. The
®rst two nucleotides of the 50-TNATTG-30 sequence
interact with amino acid residues present in the N-
terminal arm in animal HDs, namely Arg3 and
Arg5 in Antp and engrailed. Residue 3 is either
Asn or Glu in Hd-Zip I proteins, and Lys or Arg in
Hd-Zip II proteins; position 5 is either Gln, Lys, or
Arg.22 This lack of conservation seems to indicate a
less relevant role for the N-terminal arm in DNA
binding. In addition, position 1 in the binding
sequence is coincident with position 3 of the other



Figure 6. In¯uence of amino acid residue changes at
different positions within the N-terminal arm of the
Hahb-4 HD on DNA-binding. Binding of different forms
of Hahb-4 with single, double, or triple mutations at
positions 5 to 7 of the HD were analyzed for DNA-bind-
ing as described. See Figure 4 for details of the corre-
sponding sequences.

Figure 7. The binding of two HDs to the pseudopalin-
dromic DNA sequence 50-CAAT(N)ATTG-30. The upper
part of the Figure shows the consensus sequence bound
by most animal HDs (in which Ala at position 2 has
been replaced by Asn to accommodate it to sequences
bound by Hd-Zip proteins). Below, the arrangement of
this sequence within the pseudopalindromic site recog-
nized by Hd-Zip proteins is highlighted by a gray
square. The lower part shows the putative binding of
two HDs to the highlighted sequences. To obtain this
picture, the crystal structure of the engrailed HD bound
to DNA7 has been rotated 180 � around an axis perpen-
dicular to the direction of the second base-pair (the cen-
tral base-pair of the pseudopalindromic site) and
contained within the plane formed by this base-pair,
and the resulting images were superimposed. Residues
of the N-terminal arm of the HD are depicted as sticks
and balls. Images were generated using the program
RasMol.
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binding site de®ned on the complementary strand,
which means that interactions at this position
could be established by Asn51 of the second mono-
mer. This leaves position 2 (the central position of
the psudopalindromic binding sequence) as the
only position for which DNA-contacting amino
acid residues cannot be ascribed from comparisons
with monomeric HDs. Sessa et al.19 have compared
the recognition helices of Hd-Zip and b-Zip pro-
teins, and proposed that the central position could
be in contact with Arg55 in Hd-Zip proteins. In
fact, substitution of this residue with Ala dramati-
cally reduced binding af®nity, and certain evidence
suggests that its positioning may be related, in
part, with sequence-speci®city at the central
position.23 In principle, then, there would be no
requirement for the N-terminal arm for DNA bind-
ing, although the number of nucleotides contacted
by each monomer would be considerably reduced
with respect to other HDs. This fact could explain
the inef®cient binding of Hd-Zip protein mono-
mers.20

A close examination of sequences at the
N-terminal arm of different Hd-Zip proteins, how-
ever, reveals a high degree of conservation,
suggesting that this part of the HD may play an
important role.22 Our results indicate that, indeed,
the removal of the N-terminal arm has a profound
effect on binding af®nity. The magnitude of this
effect is similar to that of those observed for the
truncation of the HDs of ftz and Msx.14,15 More-
over, binding af®nity could be restored by the
addition of the Antp N-terminal arm, suggesting
the existence of similar roles for both protein
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segments. It is noteworthy that, although the N-
terminal arm of Antp restored the binding af®nity
of dimers, it did not produce tight-binding mono-
mers. It is likely that this re¯ects the fact that poor
binding of monomers of Hd-Zip proteins is, at
least in part, a consequence of structural differ-
ences outside the N-terminal arm. It can be specu-
lated that some contacts between the HD and
DNA that aid in the positioning of the recognition
helix have been lost in Hd-Zip proteins, where this
role is undertaken by the leucine zipper motif. For
example, Tyr25 in the loop between helices I and
II, and Arg31 in helix II, which are present in more
than 80 % of the HDs and contact DNA in Antp,
engrailed, and MATa2 HDs,3,7-9 are not present in
Hd-Zip proteins.

Replacement of N-terminal arm residues 5 to 7
indicated strongly that positively charged residues
are important for DNA binding by Hahb-4. As a
rule, despite small differences among particular
positions, single mutations to Ala produce only
slight effects. A strong reduction in af®nity, how-
ever, is obtained after the introduction of a nega-
tive charge or two neutral amino acid residues.
Hence, there seems to be an additive effect of
charges at the N-terminal arm on binding ef®-
ciency rather than a positional effect. This fact may
apply to the segment comprising amino acids 5 to
7, and to the complete N-terminal arm. Accord-
ingly, a mutant with Ala at positions 6 and 7 can
bind DNA ef®ciently if a segment of positively
charged residues is included at the beginning of
the N-terminal arm. It seems then that there is
some degree of ¯exibility in the interaction. This
correlates with the fact that this part of the HD is
disordered in the solution structures of HDs. Flexi-
bility is re¯ected also by the fact that, in MATa2,
DNA contacts are made by an Arg residue at pos-
ition 7,9 while Arg2, rather than Arg3, contacts
DNA in the Oct-1 and Prd (Gln50) HDs.24,25 In
addition, changes in N-terminal arm residues 6 to
8 produce changes in DNA-binding speci®city in
Ubx, Abd-B, TTF-1, and Antp HDs.26,27

A comparison of N-terminal arm sequences in
Hd-Zip proteins shows the existence of a net
charge of �3 (exceptionally �2) in most Hd-Zip I
proteins, and �4 in Hd-Zip II proteins. In general,
the consensus sequences XX(E/N)(K/N)X(R/
K)R(L/F)X and XX(R/K)KKLRL(S/T) can be
derived for Hd-Zip I and II proteins, respectively.22

This sequence conservation and our results show-
ing the essential role of positive charges in DNA
binding by Hahb-4 argue strongly in favor of a
similar role of the N-terminal arm in all Hd-Zip
proteins. In this respect, then, the HD of Hd-Zip
proteins appears to be related to many animal and
fungal HDs, although the type of interactions
established by this segment with DNA varies con-
siderably among different HD proteins. Figure 7
shows a model of the putative arrangement of the
two HDs of an Hd-Zip protein dimer, deduced
from the crystal structure of the engrailed HD
monomer bound to DNA.7 Although this model is
speculative, the fact that most DNA-contacting
amino acid residues have conserved functions
suggests that it may be a good approximation. It
can be observed that the respective N-terminal
arms are located along the minor groove close to
each other, but do not superimpose. Hence, it
becomes possible that residues in the N-terminal
arm of both HDs make contacts with DNA. Alter-
natively, this ¯exible part may have different orien-
tations in the two monomers, so that only one of
the N-terminal arms binds to DNA. Detailed struc-
tural studies are required to establish the validity
of these assumptions. Our results imply that
changes in the interaction of the N-terminal arm
with DNA (brought about, for example, by the
binding of additional factors) could be used to
modulate the af®nity of Hd-Zip proteins for DNA.

The fact that the N-terminal arm of Hd-Zip pro-
teins participates in DNA binding is interesting
from an evolutionary point of view. The question
of how the present diversity in HD-protein struc-
tures has arisen is important for understanding the
evolution of developmental processes at the mol-
ecular level. For example, did the present HDs
derive from an ancestor molecule with the typical
three-helix structure that was transformed into a
high-af®nity binding module by the addition of
either a DNA-binding N-terminal arm or a leucine
zipper dimerization motif? Or is the N-terminal
arm an earlier acquisition, maybe inherent to
ancient HD function? Our results suggest that a
DNA interacting N-terminal arm was already pre-
sent in HDs of the last common ancestor of angios-
perms and metazoa. This fact is concordant with
phylogenetic trees that place the HD of Hd-Zip
proteins in a subgroup with Antp, leaving outside
another HD that clearly utilizes the N-terminal
arm for DNA binding, such as MATa2.28,29 The
acquisition of extra domains may have taken place
later in evolution. These events, together with
changes within the ¯exible N-terminal arm, were
undoubtedly important factors in producing the
present structural diversity of HD-containing
proteins.

Materials and Methods

Cloning, expression, and purification of
recombinant proteins

Hahb-4 coding sequences were ampli®ed and cloned
in-frame into the BamHI and EcoRI sites of the expression
vector pGEX-3X30 as described.31 Ampli®cations were
performed on a clone of the entire Hahb-4 coding region
in pUC119 as template, using the following 50 oligonu-
cleotides: 50-GGCGGATCCCAACAGAAACAACCACC
AGG-30 (for native Hahb-4), 50-GGGGGATCCTTACCG
ACAAACAAATAAG-30 (for �N-Hahb-4), 50-CCGGGAT
CCGTGGGCGGAAACGATTTACC-30 (for N-Arg-Hahb-
4), 50-CCGGGATCCTGGGCGCGGCGGCGTTTACCGA-
CAAACAAATA-30 (for N-Ala-Hahb-4), and 50-CCGGG
ATCCAGGGCGAAGAAGAGTTTACCGACAAACAAA-
TA-30 (for N-Glu-Hahb-4). N-Ala5, N-Ala6, N-Ala7, and
N-Glu6-Hahb-4 were constructed in a similar way, using
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N-Arg-Hahb-4 as template and the 50 oligonucleotides
50-CCGGGATCCTTGGGGCGAAACGATTTAC-30, 50-CC
GGGATCCTTGGGCGGGCACGATTTACC-30, 50-CCGG
GATCCTTGGGCGGAAAGCATTTACCGAC-30, and 50-
CCGGGATCCTTGGGCGGGAACGATTTAC-30, respect-
ively. For the construction of N-Ala6,7-Hahb-4 and N-
Ala6,7-Hahb-4(RKR), N-Ala-Hahb-4 as template, and 50-
GGCGGATCCTGGGCCGGGCGGCGTTTAC-30 and 50-
GGCGGATCCGAAAGCGGGGCCGGGCGGCGTTTAC-
30, as 50 oligonucleotides, were used. As 30 oligonucleo-
tides, either 50-GGCGAATTCACATTTCTCAGCACC
TCC-30 or 50-GCGGAATTCGCGCGTTATACTCTTGC-30,
for the ampli®cation of regions encoding the Hd-Zip
domain, or the HD alone, respectively, were used.

For the construction of the Antp-Hahb-4 fusion (carry-
ing the N-terminal arm of Antp fused to the rest of the
Hahb-4 Hd-Zip domain) two complementary oligonu-
cleotides (50-GATCCCCACCAGGAAGAACCGGAAAC-
GAGGTCGACAAACGTATACCCGCTACCA-30 and 50-
GATCTGGTAGCGGGTATACGTTTGTCGACCTCGTTT
CCGGTTCTTCCTGGTGGG-30) which generate single-
stranded 50-GATC-30 ends were cloned in the correct
orientation into the BamHI and BglII sites of an
Arg5! Lys mutant described previously20. In this con-
struct, the coding region for the ®rst 11 amino acid resi-
dues of the HD of Hahb-4 are replaced for those of the
Antp HD. All constructions were checked by DNA
sequence analysis.

For expression, Escherichia coli cells bearing the corre-
sponding plasmids were grown and induced as
described.31 Puri®cation and cleavage of the fusion pro-
ducts were carried out essentially as described by Smith
& Johnson,30 with modi®cations described by Palena
et al.31

DNA-binding assays

For electrophoretic mobility shift assays, aliquots of
puri®ed proteins were incubated with double-stranded
DNA (0.3-0.6 ng, 30000 cpm) generated by hybridization
of the complementary oligonucleotides 50-AATTCA-
GATCTCAATAATTGAGAG-30 and 50-GATCCTCTCAA
TTATTGAGATCTG-30, and labeled with [a-32P]dATP by
®lling-in the 30-ends using the Klenow fragment of E. coli
DNA polymerase I. Binding reactions (20 ml) containing
20 mM Hepes (pH 7.5), 50 mM KCl, 2 mM MgCl2,
0.5 mM EDTA, 1.0 mM dithiothreitol, 0.5 % (v/v) Triton
X-100, 1(g poly(dI-dC), and 10 % (w/v) glycerol, were
incubated for 20 minutes at room temperature, sup-
plemented with 2.5 % (w/v) Ficoll and immediately
loaded onto a running gel (5 % (w/v) acrylamide, 0.08 %
(w/v) bis-acrylamide in 0.5 � TBE plus 2.5 % (w/v) gly-
cerol; TBE is 90 mM Tris-borate (pH 8.3), 2 mM EDTA).
The gel was run in 0.5 � TBE at 20 mA for two hours
and dried prior to autoradiography. For quantitative
analysis, poly(dI-dC) was omitted.

For photocrosslinking experiments, binding reactions
performed under identical conditions were incubated on
ice during 20 minutes below a germicide UV lamp
(l � 253.7 nm) at a distance of 5 cm, and then loaded
onto an SDS/12 % polyacrylamide gel. The gel was dried
and autoradiographed, and the Mr of the respective
bands were calculated by their migration relative to com-
mercial standards. In these experiments, amounts of the
different proteins that produced similar free-to-bound
ratios in electrophoretic mobility shift assays were used.
Miscellaneous methods

Total protein was measured as described by Sedmak
& Grossberg.32 For quantitative analyses, radioactive
bands were cut from exposed gels and measured by
scintillation counting. Data handling and curve ®tting
were performed using Sigma plot software. Overall dis-
sociation constants (K12) of the dimer-DNA complexes
into monomers and free DNA were calculated using the
equation K12 � P2 � D/P2D, according to the binding
sequence: 2 P! P2, and P2 � D! P2D, where P, P2, D,
and P2D represent protein monomers and dimers, and
free and bound DNA, respectively.20
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