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A monomer–dimer equilibrium modulates the interaction of the sunflower
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We have analysed the interaction of the sunflower homeodomain

leucine-zipper (Hd-Zip) proteinHahb-4withDNA.The complete

Hd-Zip domain from Hahb-4 was able to select specific sequences

from a random oligonucleotide mixture that contained a 9-bp

core with four fixed and five degenerate positions. Analysis of the

binding of some of the selected sequences suggests that Hahb-4

preferentially binds the dyad-symmetrical sequence CAAT-

(A}T)ATTG. Single-nucleotide replacements at positions 1, 5 or

9 of this sequence produced a decrease in binding of 2–4-fold.

DNA binding as a function of protein concentration was non-

hyperbolic. This behaviour could be explained by an equation in

which dimer formation is a pre-requisite for DNA binding. A

global dissociation constant (K
d
) of 1.31¬10−"% M# could be cal-

culated. The removal of the leucine zipper promoted a change in

specificity and a decrease in binding affinity (K
d
¯ 5.03¬10−& M).

INTRODUCTION

The homeodomain is a 61-amino acid protein motif found in a

group of eukaryotic transcription factors generally involved in

regulating developmental processes [1–3]. It folds into a charac-

teristic three-helix structure that is able to specifically interact

with DNA. Helices I and II are connected by a loop, whereas

helices II and III are separated by a turn that gives this region of

the homeodomain a resemblance to prokaryotic helix-turn-helix

transcription factors. As monomers, however, most homeo-

domains are able to bind DNA with high affinity, through

interactions made by helix III and a disordered N-terminal arm

located beyond helix I (for reviews, see [1–3]).

Plant homeodomains have been discovered relatively recently

[4–6], and constitute a large family of transcription factors that

can be divided into different subfamilies (for a review, see [7]).

The homeodomains of the different subfamilies seem to have

diverged before the separation of the evolutionary lineages

leading to plants, animals and fungi [8,9]. One of the subfamilies,

termed homeodomain leucine-zipper (Hd-Zip) because of the

presence of a leucine-zipper motif adjacent to the homeodomain

[5,6,10–12], seems to be present only in plants, although it is

more related to some animal and fungal proteins than to other

plant homeodomains [9]. This suggests that the acquisition of a

leucine-zipper motif took place later in evolution. There are two

main classes of Hd-Zip proteins, each composed of several

members in different plant species [12–15]. The interaction of two

of these proteins (Athb-1 and -2, classes I and II, respectively)

with DNA has been studied by Sessa et al. [16,17]. These authors
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Mutation of Phe-20 of the homeodomain into Leu completely

abolished DNA binding. The mutant protein, however, was able

to inhibit DNA binding by the non-mutant form, presumably

through the formation of heterodimers. The analysis of this

inhibitory effect at different mutant concentrations allowed the

estimation of the K
d
for the dimer–monomer equilibrium [about

(2–4)¬10−' M]; from this, a K
d

of 3–6¬10−* M for the dimer–

DNA complex could be estimated. The results obtained indicate

that the formation of dimers is the main factor influencing the

interaction of Hahb-4 with DNA. It is proposed that shifts in a

dimer–monomer equilibrium could be used within the cell to

modulate the interaction of this protein with target genes.

Key words: binding-site selection, DNA–protein interaction,

Hd-Zip protein, plant homeodomain, sunflower.

have found that both proteins bind as dimers a 9-bp dyad-

symmetrical sequence of the type CAAT(A}T)ATTG for Athb-

1, and CAAT(C}G)ATTG for Athb-2 [16]. The specificity for

binding at the central position seems to be conferred in part by

amino acids 46 and 56 of helix III (Ala and Trp in Athb-1; Glu

and Thr in Athb-2), together with a different orientation of the

conserved Arg-55 in both proteins, although other amino acids

are clearly involved [17].

The existence of a large number of related proteins poses the

question of how specificity is achieved, especially since it has

been suggested that members of the same class may form

heterodimers [17]. Thus the study of other Hd-Zip proteins seems

important to see how related their DNA-binding properties are.

For this purpose, we have chosen a member of the less homo-

geneous class I, namely Hahb-4 from sunflower. Although Hahb-

4 can be assigned to class-IHd-Zip proteins according to sequence

conservation within the homeodomain and leucine-zipper motif,

it is clearly the most divergent member of this family described

up to now. In fact, several positions known to be conserved in

other Hd-Zip proteins show different amino acids in Hahb-4. As

an example, position 5, known to be important for DNA binding

in other homeodomains [2,18], is occupied by Arg instead of Lys;

position 56 is Ser in Hahb-4. This has prompted us to study the

interaction of Hahb-4 with different DNA sequences to gain

information on the specificity of this interaction and on possible

target genes. Our results suggest that all class-I Hd-Zip proteins

must have the same specificity of DNA binding. We have also

observed that a dimer–monomer equilibrium is established at

relatively high protein concentrations, suggesting that Hd-Zip
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proteins may be present in different oligomeric states, and not

only as dimers, in �i�o.

EXPERIMENTAL

Cloning, expression and purification of recombinant proteins

Hahb-4 coding sequences were amplified and cloned in frame

into the BamHI and EcoRI sites of the expression vector pGEX-

3X [19] as described previously [20]. Amplifications were per-

formed using the same 5« oligonucleotide (representing sequences

adjacent to the N-terminus of the homeodomain) and different 3«
oligonucleotides (5«-GGCGAATTCACATTTCTCAGCACCT-

CC-3« or 5«-GCGGAATTCGCGCGTTATACTCTTGC-3«).
The resulting proteins contained coding regions for the entire

Hahb-4 homeodomain and leucine-zipper motif, or the homeo-

domain alone (up to amino acid 67 with respect to the N-

terminus of the homeodomain) linked in frame to the 3« end of

the Schistosoma japonicum glutathione S-transferase cDNA.

Mutants in the N-terminal region of the homeodomain were

constructed by ligating two amplified fragments generated by

adjacent oligonucleotides carrying the mutated sequences and a

BglII site at their 5« ends. To generate a BglII restriction site,

silent changes in codons 12, 13 and 14 of the homeodomain were

introduced. Additional changes included either Arg-5 (CGG) to

Lys (AAG) or Phe-20 (TTT) to Leu (CTT). All constructions

were checked by DNA sequence analysis.

For expression, Escherichia coli cells bearing the corresponding

plasmids were grown and induced as described previously [20].

Purification and cleavage of the fusion products were carried out

essentially as described by Smith and Johnson [19], with modi-

fications described by Palena et al. [20]. For unknown reasons,

the presence of truncated products composed mainly of gluta-

thione S-transferase was observed in some preparations (see, for

example, Figure 1, lane 1). The results obtained with these

preparations were essentially the same as those obtained with

preparations where these truncated products were not present.

Figure 1 SDS/PAGE analysis of Hahb-4 variants expressed in E. coli

Proteins from clones containing different constructs were expressed as fusion proteins and

purified as described in the Experimental section. M, molecular-mass markers

are indicated on the left (kDa) ; 1, protein containing the complete Hd-Zip domain ; 2, leucine-

zipper-deletion derivative ; 3, Phe-20! Leu mutant ; and 4, Arg-5! Lys mutant. The band at

about 29 kDa in lane 1 represents a truncated product containing mostly glutathione S-

transferase, as suggested by its cleavage by factor Xa ; this band was present in some protein

preparations and not in others, and its presence did not affect the binding properties of

Hahb-4.

Electrophoretic mobility-shift assays

For electrophoretic mobility-shift assays, aliquots of purified

proteins were incubated with double-stranded DNA (0.3–0.6 ng,

30000 c.p.m.) labelled with [α-$#P]dATP. Reactions (20 µl),

containing 20 mM Hepes (pH 7.5), 50 mM KCl, 2 mM MgCl
#
,

0.5 mM EDTA, 1.0 mM dithiothreitol, 0.5% Triton X-100, 1 µg

of poly(dI-dC) and 10% glycerol, were incubated for 20 min at

room temperature, supplemented with 2.5% Ficoll and im-

mediately loaded on to a running gel [5% acrylamide}0.08%

bis-acrylamide in 0.5¬TBE plus 2.5% glycerol ; 1¬TBE is

90 mM Tris}borate (pH 8.3)}2 mM EDTA]. The gel was run in

0.5¬TBE at 20 mA for 2 h and dried prior to autoradiography.

For quantitative analysis, poly(dI-dC) was omitted.

Random-oligonucleotide selection

To select DNA molecules specifically bound by Hahb-4, the

random-oligonucleotide-selection technique [21] was applied,

using a combination of procedures described by Blackwell and

Weintraub [22] and Sessa et al. [16]. A 70-mer double-stranded

oligonucleotide [16], containing a 9-bp central core with random

sequences at 5 positions, was incubated with purified protein as

described above. Bound DNA molecules were separated by

electrophoretic mobility-shift assays and eluted with 0.5 ml of

0.5 M ammonium acetate}10 mM MgCl
#
}1 mM EDTA}0.1%

(w}v) SDS [22]. The selected DNA molecules were amplified

using oligonucleotides R1 (5«-GTAAAACGACGGCCAGT-3«)
and R2 (5«-GTTTTCCCAGTCACGAC-3«). Amplification

reactions were performed as follows: 30 cycles of 1 min at 94 °C,

1 min at 53 °C and 1 min at 72 °C. After purification through

polyacrylamide gels, the amplified molecules were subjected to

new cycles of binding, elution and amplification. Enrichment in

sequences bound specifically by Hahb-4 was monitored by

competition analysis in electrophoretic mobility-shift assays.

Miscellaneous methods

Double-stranded oligonucleotides were labelled with the Klenow

fragment of E. coli DNA polymerase I, either by primer extension

using oligonucleotides R1 and R2, or by filling in overhanging

ends. Total protein was measured as described by Sedmak and

Grossberg [23]. When truncated products were present, the

actual amount of Hahb-4 was calculated by densitometry of

scanned gels. For quantitative analyses, radioactive bands were

cut from exposed gels and measured by scintillation counting.

Data handling and curve fitting were performed using Sigma-

plot software.

RESULTS

Different portions of Hahb-4, consisting of either the complete

Hd-Zip domain or the homeodomain alone, were expressed in E.

coli as fusion proteins with S. japonicum glutathione S-trans-

ferase, and purified by affinity chromatography as described

(Figure 1). In order to identify DNA sequences that were bound

specifically by Hahb-4, we used a similar strategy to that used by

Sessa et al. [16] to isolate sequences bound by Athb-1 and -2.

These two proteins bind a 9-bp dyad-symmetrical sequence of

the type "CAAT(N)ATTG* (a central A}T pair is recognized by

Athb-1, whereas a C}G pair is bound by Athb-2). Since the

nucleotides at positions 3, 4, 6 and 7 are thought to be bound by

amino acids 47 and 51 of the homeodomain (Ile}Val and Asn in

Hahb-4 and all other Hd-Zip proteins known so far), we have

kept these positions constant and randomized the remaining five

positions to generate a mixture of 1024 double-stranded oligo-
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Figure 2 Binding of Hahb-4 to oligonucleotide populations obtained after
selection

Different protein concentrations were analysed by electrophoretic mobility-shift assays for

binding to oligonucleotide mixtures obtained after two or three rounds of selection.

nucleotides from which sequences preferentially bound by Hahb-

4 were selected. Figure 2 shows an electrophoretic mobility-shift

assay performed with a fusion protein containing the Hd-Zip

domain of Hahb-4 and different oligonucleotide mixtures

obtained after 2 or 3 rounds of selection by the same protein. A

higher proportion of bound DNA was progressively observed,

indicating that Hahb-4 was able to select specific DNA sequences

from the mixture. After three rounds of selection, no significant

improvement could be detected. The bound products were then

cloned and 25 randomly picked clones were sequenced. Figure 3

shows a list of the central sequences of these clones, in the same

orientations with respect to their arms. Clear deviations from

random expectations occurred at all variable positions : positions

1 and 2 were almost exclusively T and A (96 and 100%

respectively) ; position 5 was G or A in 56 and 28% of clones,

respectively ; position 8 was occupied by T in 72% of the clones;

and position 9 was G in 56% and A in 24% of clones. Hence,

the derived consensus was TAATGATTG (CAATCATTA in

the complementary strand). This sequence had two intriguing

features when one takes into consideration that Hd-Zip proteins

interact with DNA as dimers : first, there was no symmetry at

position 1, since T was found in one strand and C in the other

strand; second, the central position was biased towards a purine

(or a pyrimidine in the complementary strand), whereas either

nucleotide of a complementary pair should be found as a result

of a symmetric interaction.

To analyse to what extent the derived consensus sequence

represented the DNA-binding specificity of Hahb-4, we per-

formed a series of studies using different unique sequences from

the isolated clones. Figure 4 (upper panel) shows an electro-

phoretic mobility-shift assay using different amounts of Hahb-4

and three different oligonucleotides, one of them representing the

derived consensus and the other two with single modifications at

either position 9 (G!A, thus forming a symmetrical sequence)

or 5 (G!A). According to this, G was preferred over A at

position 9, and A was preferred at position 5.

The question of asymmetry at the central position was tested

using the sequences TAATAATTA and TAATTATTA (that is,

identical sequences with the arms in reverse orientation). The

Figure 3 Compilation of the sequences of 25 random clones obtained after
cloning the selected oligonucleotide population

The sequences of the central portion of the different clones are indicated in the same orientation

with respect to their arms. Clone numbers (arbitrary) are indicated on the left. Variable positions

are shown in bold. Below, a table indicating the base frequencies at each position, together with

the derived consensus sequence, is shown.

results obtained indicate a slight preference for A over T at this

position, perhaps indicating an influence of the arms in the

interaction of Hahb-4 with DNA.

Binding to the asymmetric sequence TAATAATTG was also

compared with binding to both symmetric sequences derived

from it (TAATAATTA and CAATAATTG). The results (Figure

4, lower panel) indicate that C was preferred at position 1 in both

strands. The replacement of one of these C bases by a T reduced

binding 2–3-fold, whereas replacing both Cs promoted a further

reduction in affinity.

The importance of the four fixed positions (3, 4, 6 and 7) for

binding was tested using oligonucleotides with symmetrical

modifications at these positions. Replacement of A at position 3

by either G or T (and, consequently, T at position 7 by either C
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Figure 4 Binding of Hahb-4 to oligonucleotides containing variants of the
consensus sequence

Different amounts of Hahb-4 (60, 30 and 15 ng in lanes 1, 2 and 3, respectively) were analysed

for binding to 55-mer double-stranded oligonucleotides obtained after cleavage of the

corresponding clones with EcoRI and HindIII, and purification through preparative low-melting-

point agarose gels (upper panel), or to 24-mer synthetic double-stranded oligonucleotides with

either C/G or T/A pairs at positions 1 and 9 of the consensus sequence (lower panel). The

central sequences of the oligonucleotides used are shown, all in the same orientations with

respect to their arms. In lane 4, the protein was omitted.

Figure 5 Binding of Hahb-4 to oligonucleotides containing variations at
fixed positions

Different amounts of Hahb-4 (50 and 100 ng in lanes 1 and 2, respectively) were analysed for

binding to 24-mer synthetic double-stranded oligonucleotides with modifications at either

positions 3 and 7 or 4 and 6 of the sequence CAATAATTG. All oligonucleotides contained a

dyad-symmetrical sequence and only the first halves (positions 1–4) are indicated.

Figure 6 Binding of different amounts of Hahb-4 to DNA

Upper panel : electrophoretic mobility-shift assay using 15–65 ng of Hahb-4 (lanes 1–10,

respectively) and a 24-mer double-stranded oligonucleotide containing the central sequence

CAATAATTG. Lower panel : quantitative analysis of the percentage of total DNA bound as a

function of total protein concentration for this oligonucleotide (E) and for the variant containing

the sequence TAATAATTG (+). A 40-kDa monomer was used to calculate the molar

concentration of the protein.

or A) completely abolished binding (Figure 5). A similar result

was obtained when T at position 4 and A at position 6 were

replaced by either A}T or C}G, respectively (Figure 5). These

results clearly show the importance of these positions for binding,

and support the notion that they are contacted by Ile-47 and

Asn-51, as described for other homeodomains [2,3].

We conclude then that Hahb-4 shows a preference for the

symmetric sequence CAATAATTG, which is similar to that

recognized by Athb-1, another class-I Hd-Zip protein. However,

single nucleotide changes at positions 1, 5 and 9 did not strongly

affect binding affinity. This most probably explains the poor

selection obtained at these positions from a random mixture.

Similar sequence preferences were observed when either a fusion

protein containing the entire C-terminal region, in addition to

the Hd-Zip domain, or a protein that had been separated from

glutathione S-transferase by cleavage with factor X
a
, was used

(results not shown).

When different amounts of Hahb-4 were tested for binding to

either CAATAATTG or TAATAATTG, a non-hyperbolic re-

sponse was obtained with both DNAs (Figure 6). A plot of the

ratio of bound to free DNA as a function of total protein

concentration could be fitted to eqn. (1) :

PD}D¯k¬P
t
# (1)
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Figure 7 Binding of modified forms of Hahb-4 to different DNA sequences

Wild-type (WT) or a Phe-20! Leu (F20 ! L) mutant (60 ng each), and 400 ng of a variant

without the leucine-zipper motif (∆Zip) were analysed for binding to oligonucleotides containing

the sequences TAATAATTA (lanes 1), CAATAATTG (lanes 2) or TAATAATTG (lanes 3). In lane

0, no protein was included.

where PD and D are the concentrations of bound and free DNA,

respectively, P
t

is the total protein concentration and k is a

constant. Assuming that Hahb-4 interacts with DNA as a dimer,

its binding equation can be described by

2P%P
#

and

P
#
D%P

#
D

with the respective dissociation constants defined as

K
"
¯P#}P

#
(2)

and

K
#
¯P

#
¬D}P

#
D

The global dissociation constant for these two reactions is then

K
"
¬K

#
¯K

"#
¯P#¬D}P

#
D

Since, under the conditions used for the binding assay, P
t
(P

#
D,

then P
t
¯ 2¬P

#
P. For P

t
'K

"
, P

t
FP and

P
#
D}D¯P

t
#}K

"#
(3)

which is similar to eqn. (1) and shows that, when P
t
'K

"
, the

ratio of bound to free DNA is proportional to the square of the

total protein concentration. If P
t
(K

"
, P

t
FP

#
FP#}K

"
, and

P
#
D}D¯P

t
}K

#
(4)

which shows that, when P
t
(K

"
, the ratio of bound to free DNA

is directly proportional to the protein concentration used in the

assay.

We conclude that the type of plot shown in Figure 6 arises

from the fact that, under our assay conditions, an important

proportion of Hahb-4 is in the monomeric form and that the

dissociation constant of dimers (K
"
) is well over the protein

concentrations used in the assay (20–90 nM of monomers).

Fitting eqn. (3) to the experimental results, we calculated values

for K
"#

of 1.31(³0.09)¬10−"% M# for the sequence CAATAA-

TTG and of 5.10(³0.20)¬10−"% M# for TAATAATTG. As-

suming that K
"
is the same, we can conclude that the replacement

of C at position 1 for T produces an approx. 4-fold increase in the

dissociation constant of the dimer–DNA complex.

Since dimer formation seems to be a pre-requisite for binding,

we have tested the effect of removing the leucine-zipper motif.

Figure 7 shows that binding to DNA can still be detected,

Figure 8 Binding of the Hahb-4 homeodomain to DNA

Different amounts (100–700 ng) of a fusion protein carrying the Hahb-4 homeodomain were

used in an electrophoretic mobility-shift assay together with an oligonucleotide containing the

sequence TAATAATTG (upper panel). Lower panel, a quantification of the binding assay is

shown.

although at higher protein concentrations. Most notably, the

homeodomain alone of Hahb-4 shows more affinity for the

sequence TAATAATTG than for CAATAATTG, which is

preferred by the dimer. This shows that, although low in affinity,

the interaction is specific, and that the homeodomain of Hahb-4

spans both moieties of the sequence, since changes at either half

produce changes in affinity. A plot of the bound-to-free-DNA

ratio at different protein concentrations showed a linear re-

gression (r#¯ 0.992), indicating that dimer formation had been

abolished (Figure 8). The calculated dissociation constant for

this interaction was 5.03(³0.10)¬10−& M.

We have also constructed a set of mutants to analyse further

the interaction of Hahb-4 with DNA. Replacement of Phe-20

(conserved in almost all homeodomains known so far [1,18]) for

Leu abolished binding completely (Figure 7). Since Phe-20,

located within helix I, does not directly interact with DNA, but

is rather required to maintain the overall conformation of the

homeodomain, we conclude that the homeodomain of Hahb-4

should fold into the characteristic three-helix structure observed

for other homeodomains. Conversely, the replacement of Arg-5

in the N-terminal arm for Lys had no significant effect on

binding (in terms of both affinity and specificity ; results not

shown).

The availability of a mutant form unable to bind DNA offered

the possibility of studying the interaction of monomers through
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Figure 9 A Phe-20 mutant inhibits binding of wild-type Hahb-4 to DNA

Binding of the Hahb-4 homeodomain leucine-zipper motif (50 ng) to DNA was assayed in the

absence or presence of increasing amounts of a Phe-20! Leu mutant (Mut F20 ! L, nM).

Both proteins were incubated for 15 min at room temperature in the assay mixture before the

addition of an oligonucleotide containing the sequence CAATAATTG. The last lane shows an

assay with 120 ng of the mutant protein in which the wild-type form was omitted.

the leucine zipper. As shown in Figure 9, the presence of

increasing amounts of the Phe-20 mutant inhibited the interaction

of native Hahb-4 with DNA. This is most probably explained by

the formation of inactive heterodimers between the native and

mutant forms (a sort of dominant negative effect). Assuming that

dimer formation is not affected by the mutation, the dissociation

constant of dimers (K
"
, eqn. 2) can be estimated from eqn. (5) :

P
#
D}D¯P

t
#}[K

#
(K

"
2P*P*#}K

"
)] (5)

where P* represents the concentration of mutant protein and

K
"
¬K

#
¯K

"#
¯ 1.31¬10−"% M#. The inhibition data fitted well

with a value of K
"
within the micromolar range [(2–4)¬10−' M]

and, consequently, the dissociation constant of the dimer–DNA

complex fell into the nanomolar range [(3–6)¬10−* M].

DISCUSSION

In the present study, we analysed the interaction of the Hd-Zip

domain of Hahb-4 with DNA. Our studies indicate that, although

only 43% of the amino acids from the Hd-Zip domain are the

same as those of Athb-1 (52% within the homeodomain; 29%

within the leucine zipper), a sequence similar to that bound by

Athb-1, another class-I Hd-Zip protein, is preferred by Hahb-4.

From these results, it can be postulated that all class-I Hd-Zip

proteins described up to now (from which Hahb-4 is the most

divergent member) should show similar binding characteristics,

at least in �itro. This raises the question of the specificity of

the interaction of these proteins with target genes in �i�o. Is this

interaction simply governed by the different concentrations of

each protein within each cellular type, or are there additional

mechanisms (interaction with other proteins, local DNA con-

formation) that are important in target-gene selection?

Apart from its preferential binding to a dyad-symmetrical

sequence of the type CAATAATTG, Hahb-4 showed other

interesting characteristics. First, single nucleotide replacements

at positions 1, 5 and 9 diminished binding affinity by a factor of

2–4. This, and the fact that the symmetrical sequence could not

be selected efficiently from a random mixture, suggests that

Hahb-4 is able to bind to several related sequences. Secondly,

under the conditions used for the binding assay, a high proportion

of the protein remained as monomers, suggesting that the

dissociation constant for dimers might be in the micromolar

range. In fact, a value of 2–4¬10−' M could be estimated from

the inhibition of DNA binding by a Phe-20 mutant. This situation

contrasts with that observed for basic motif leucine-zipper

proteins, which show dissociation constants of about 10−) M

[24,25]. Since monomers do not seem to bind DNA with

considerable affinity, this would mean that Hahb-4 might be very

inefficient for binding in �i�o, unless it is expressed at high

concentrations. The significance of this observation is intriguing.

It may be that Hahb-4 dimerizes efficiently with another protein,

but not with itself, or that in �i�o homodimer formation is

stabilized by additional protein–protein interactions. Alterna-

tively, this may provide a means of regulation, since only when

expressed at high levels wouldDNA-binding entities be produced.

In addition, within certain ranges, a sort of co-operative response

would be observed, since binding is proportional to the square of

protein concentration. It would be interesting to know if other

Hd-Zip proteins show a similar behaviour. This mode of regu-

lation is particularly attractive, since Hd-Zip proteins have been

proposed as regulators of plant developmental responses to

changes in the environment [7], which are rapid and reversible in

nature. In the case of Hahb-4, we have detected a strong

induction of its mRNA as a consequence of drought stress

(G. M. Gago, D. H. Gonzalez and R. L. Chan, unpublished

work). Our observations also suggest that mutants unable to

bind DNA, such as Phe-20, could be used as dominant negative

effectors in �i�o to study the function of the corresponding

protein. From the values of the respective dissociation constants,

however, it can be predicted that relatively high concentrations

will be required to efficiently compete with DNA binding.

Regarding the mode of binding to DNA, the general as-

sumption made for Athb-1 and -2, that each moiety of the dimer

interacts with a half of the dyad-symmetric sequence [16], seems

to apply to Hahb-4. An intriguing feature is the asymmetry

observed at the central position, which may indicate that one of

the monomers (defined by its location with respect to the

asymmetric arms) contacts the central base pair more efficiently

than the other. This most probably indicates that adjacent

sequences influence the interaction, and provide additional

specificity.

The presence of a leucine zipper has prompted comparisons of

the modes of binding of basic motif leucine-zipper and Hd-Zip

proteins to DNA. Residues putatively located at similar positions

within the basic region and helix III have been compared, and

interesting analogies have been found [16,17]. Some differences,

however, are also evident from our studies. First, the fact that

mutation of Phe-20 completely abolished binding suggests that a

correct alignment of helix III promoted by dimerization is not

enough for binding. Therefore, either regions outside helix III

are also involved in binding, or helix III becomes disturbed in the

mutant at position 20 (helix I). Secondly, the homeodomain

becomes folded stably in the absence of the leucine zipper, as

suggested by its specific DNA-binding properties. Thus in all

respects, the homeodomain behaves as an independent entity,

showing specific, although inefficient, DNA binding. It can be

proposed that the correct folding of the homeodomain is

responsible primarily for its correct alignment with DNA, and

that the main function of the leucine zipper would be to join two

adjacent homeodomains, so as to increase the number of

protein–DNA interactions and, consequently, the binding

strength. In this respect, Hd-Zip proteins would be similar to

prokaryotic helix-turn-helix proteins, which use dimerization

motifs in a similar way.

For several homeodomains, the high affinity for DNA

displayed by the monomeric form has been ascribed to the
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existence of specific interactions between amino acids in the N-

terminal arm and DNA [1,18,26,27]. Since Hahb-4 contains an

Arg at position 5 (a conserved amino acid known to interact with

DNA in other homeodomains [1–3,18]), we have tested the effect

of its mutation to Lys (found in most Hd-Zip proteins). As

shown in the Results section, this substitution has no effect on

binding, indicating the lack of a specific interaction of Arg-5 with

DNA, perhaps because the overall sequence context is not

favourable for binding.

In conclusion, we have observed that Hahb-4 binds preferen-

tially to the sequence CAATAATTG, and to other related

sequences with slightly less affinity. Under the conditions used

for the assay, a dimer–monomer equilibrium exists, with dimers

binding considerably more efficiently than monomers to DNA.

Although inefficient, the homeodomain alone is capable of

specific DNA binding. The big difference that exists between the

dissociation constants for dimer formation and DNA binding

suggests that the interaction of this protein with DNA is governed

mainly by dimer formation. We propose that these properties

may be the basis for efficient regulation of the interaction of Hd-

Zip proteins with target genes within the cell.
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