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Abstract In a protein, the function of an amino acid at some
position depends on the amino acids at other positions. Here we
demonstrate a functional interference between base-contacting
amino acids (at positions 50 and 54) of homeodomains. When, in
the context of Antennapedia or Goosecoid homeodomains, Lys®°
is paired to Tyr?* or Ala® and GIn®° is paired to Met>, the
resulting proteins efficiently discriminate among different DNA
sequences. In contrast, in the presence of the pair Lys®®-Met®4,
both homeodomains show a reduced capability to discriminate
among different DNA sequences. Sequence selection experiments
performed in the context of the Goosecoid homeodomain suggest
that the presence of Met®* precludes the base-discriminating
function of Lys®?. These results may explain why the pair Lys®°-
Met®* is never found in natural homeodomains.
© 1997 Federation of European Biochemical Societies.
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1. Introduction

An amino acid that contributes to the function of a protein
in one sequence context may be unfavorable in another. In
terms of protein evolution, the ‘fitness’ of an amino acid at
some position depends on the amino acids at other positions
[1]. Studies of protein families may be useful to reveal such a
kind of functional interference. In this view, the homeodo-
main (HD) protein family is a powerful system. The HD is
the DNA-binding domain of a large number of transcription
factors controlling differentiation and development [2]. It con-
sists of a 60 amino acids-long structure, conserved along phy-
logenesis [3]. The way how HDs interact with DNA is also
conserved [4]. Base-contacting amino acids are located in the
N-terminal arm as well as in the recognition helix. Contacting
amino acids of the recognition helix are located at positions
47, 50, 51 and 54. Residues at positions 47 and 51 do not
contribute to the differential binding specificity existing
among different HDs. In contrast, residues at position 50
and 54 play a discriminatory role. Most HDs recognize se-
quences having the 5’-TAAT-3’ core motif or a variation of it
[4]. The residue at position 50 discriminates the dinucleotide
located after the 3’ end of the 5'-TAAT-3’' motif [5]. Differ-
ently, amino acid at position 54 recognizes the nucleotide at
the 3’ end of the 5'-TAAT-3’ core motif, therefore it is one of
the critical determinants between HDs recognizing or not the
5'-TAAT-3’ core motif [6]. Hence, the combination of amino
acid existing at positions 50 and 54 should be a chief deter-
minant for the DNA-binding specificity of HD. Amino acids
50 and 54 side chains lie very close to each other in the
recognition helix and are part of a fluctuating, short-lived
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bonding network [7,8]. These structural features suggest that
epistatic interactions may occur between these two residues,
so that only particular combinations may ensure correct bind-
ing properties to HDs. In fact, about 400 HDs from different
species have been thus far sequenced and a bias in the combi-
nations of amino acids 50-54 could be observed [3]. Most
HDs contain Gln at position 50 but few contain Lys at the
same position. Among the GIn*’-containing HDs, more than
50% contain Met at position 54. However, none of the Lys®’-
containing HDs contains Met®*. Previous data obtained in the
context of TTF-1HD would suggest that the DNA-discrimi-
nating function of HDs containing the pair Lys**-Met* could
be reduced. However, the peculiar DNA-binding specificity of
TTF-1HD (it recognizes sequences with the core motif 5'-
CAAG-3’) precludes to extend this concept to typical HDs,
recognizing the 5'-TAAT-3" core motif.

Aim of this work is to test the effect of the pair Lys®*-Met?
in the context of two typical 5'-TAAT-3'-recognizing HDs,
Antennapedia (AntpHD) and Goosecoid (GscHD). The re-
sults indicate an inefficient DNA-binding function for Lys®-
Met*-containing HDs. Moreover, sequence selection experi-
ments performed in the context of GscHD suggest that the
presence of Met at position 54 impairs the base-discriminating
function of Lys™.

2. Materials and methods

2.1. Plasmids and materials

The plasmid encoding for Antp and Gsc HDs have been already
described [9,10]. In these plasmids the transcription of the HD-coding
sequence is driven by the T7 RNA polymerase promoter. Mutants
were constructed by a PCR-based procedure [11], cloned in the bac-
terial expression vector pT7.7 and verified by nucleotide sequence
(Sequenase, Amersham). The protein sequence of the mutants is
shown in panel A of Fig. 1. Wherever not specified, all materials
were purchased from Sigma.

2.2. Protein expression and purification

Proteins were expressed using the BL21 (DE3) E. coli strain [6,12].
After protein expression, the bacterial pellet was resuspended in lysis
buffer A (Tris-HCI 20 mM pH 7.4, EDTA 0.1 mM, glycerol 10%,
PMSF 1 mM, NaCl 400 mM) and cells were disrupted by a Labsonic
U sonicator (Braun) (4 strokes of 10 s at 4°C). The lysed pellet was
spun (10000X g, 20 min, 4°C) and the supernatant was loaded onto a
Econo Pac S Cartridge (Bio-Rad) equilibrated with buffer A. After
washing the column with 10 volumes of buffer A, the proteins were
eluted with buffer B (the same as buffer A but with NaCl 800 mM).
From SDS-PAGE analysis, the achieved purity was 20% for AntpHD
and relative mutants and 10% for GscHD and relative mutants (Fig.
1B). These differences have no influence on the quality of the results,
because comparisons of the binding activity and specificity are made
between members of the same set of mutants (see Figs. 2 and 3).
Several lines of evidence demonstrate that these degrees of purity
are sufficient to correctly measure the binding activity and specificity
of HDs: (i) the contaminating bacterial DNA (present in the crude
bacterial extract and able to interfere in the gel-retardation assay) is
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completely removed; (i) two of the proteins, AntpHD and
AntpHD(Y®*), purified to homogeneity by the procedure of Miiller
et al. [9], display a binding activity and specificity identical to those of
the partially purified proteins; (iii) extracts from BL21, transformed
with empty pT7.7 vector and subjected to the partial purification
procedure with the Econo Pac S cartridge, do not possess DNA-bind-
ing activity to all oligonucleotides used in this study neither modify
the binding activity and specificity of homogeneity-purified HDs (data
not shown).

The concentration of the active protein was measured by oligonu-
cleotide saturation assay [6,13]. A gel-retardation assay without the
presence of calf thymus DNA (see below) was performed, using in-
creasing amounts of oligonucleotides (0.3-50 nM). The protein-bound
and free oligonucleotide concentrations values were quantitated as
described below and the data were subjected to the Scatchard plot
analysis [14,15].

2.3. Gel-retardation assay and quantitation of the binding activity
Oligonucleotides were labeled at the 5-end by polynucleotide kin-
ase (Boehringer). The binding activity and specificity of HDs were
measured as published [6,13]. Briefly, gel-retardation assays were per-
formed incubating protein and double-stranded, *?P-labeled, oligonu-
cleotides in a buffer containing 20 mM Tris-HCI pH 7.6, 75 mM KCl,
0.25 mg/ml bovine serum albumin (BSA), 5 pg/ml calf thymus DNA,
5SmM dithiothreitol (DTT), 10% glycerol for 30 min at room temper-
ature. Protein-bound DNA and free DNA were separated on native
7.5% polyacrylamide gel, run in 0.5 X TBE for 1.5 h at 4°C. Gels were
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dried, exposed to X-ray films and bands were quantitated by densito-
metric scanning of the autoradiogram using a LKB laser densitome-
ter. Results were expressed as fraction of the value of the bound/free
ratio obtained for wild-type HDs, considered arbitrarily as 100.

2.4. Sequence selection

Base preference of Gsc and Gse(M>') HDs was determined by a
modified version of the procedure described by Blackwell and Wein-
traub [16). The oligonucleotides N:5 (5'-GCTAGCTCCAAGGNT-
TAACTGGCGTCATAGCTGTTTCCTG-3") and N:6-7 (5'-GCT-
AGCTCCANNATTAACTGGCGTCATAGCTGTTTCCTG-3") (in
both sequences N indicates the presence of all four bases at that
position), were made double stranded by Klenow enzyme (Boeh-
ringer) elongation of a primer complementary to the underlined se-
quence. 40 pmol of both oligonucleotides were used in preparative gel-
retardation assays with the proteins GscHD and GscHD(M®). The
amount of protein was calibrated to bind only 2-4% of the total
oligonucleotides. The protein-bound oligonucleotides were eluted
from gels and sequenced by a PCR-based procedure (Tag DNA Cycle
Sequencing Kit; Boehringer, Mannheim).

3. Results and discussion

AntpHD contains Gln and Met at positions 50 and 54,
respectively; at the same positions GscHD contains Lys and
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Fig. 1. A: Primary structure of the recognition helix of HDs used in this study; amino acids mutated with respect to those present in wild-type
HDs (AntpHD and GscHD) are underlined. B: SDS-PAGE of the partially purified proteins. 10 pl of each sample after the Econo Pac S Car-
tridge purification were loaded on a 18% SDS-PAGE in reducing conditions. Proteins were then detected by silver staining and the degree of

purification was measured by densitometric scanning of the gel.
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Fig. 2. Relative DNA-binding activity of AntpHD and mutants of it. Sequences of the DNA sites are shown on the left. The DNA-binding ac-
tivity is expressed as fraction of that measured for the AntpHD/Cy,yy interaction, arbitrarily considered as 100. Each bar represents the mean
value of four independent determinations. Lines above bars indicate the standard deviation of mean values.

Ala. The sequence of the recognition helix of wild-type HDs
and relative mutants used in this study is shown in panel A of
Fig. 1.

In a first set of experiments we tested the effect of changing
amino acids at positions 50 and 54 in the context of AntpHD.
The sequences used to test the binding specificity contain the
various combinations of the nucleotides recognized by the
amino acids located at positions 50 and 54 and results are
shown in Fig. 2. As expected, the favorite site of AntpHD
is the oligonucleotide Cay,; which contains T at position 5
(recognized by Met®) and TG at positions 67 (recognized
by GIn®). Can4, though recognized at lower affinity than
Cant1, 18 preferred over Capginie and Capganic, indicating that
the presence of the dinucleotide CC at position 6-7 is abso-
lutely incompatible with an efficient binding by the wild-type
AntpHD. The mutant AntpHD(Y®!) prefers the Cpapyq oligo-

nucleotide, according to the preference of Tyr* for G at po-
sition 5 [6]. The double mutant in which GIn®*® and Met*
have been changed to Lys and Tyr respectively,
AntpHD(K?0-Y3), prefers the oligonucleotide Cangpic, in
agreement with the notion that Lys® prefers sites with the
dinucleotide CC at position 6-7 [5]. This protein prefers
Cantbic over Cangnic, indicating that the Tyr at position 54
discriminates at the level of base-pair 5 also in the presence of
Lys®. AntpHD(K%%) contains the pair Lys®-Met>*. The bind-
ing data indicate that the DNA-recognition function of this
protein is inefficient. In fact, (i) the capability of discriminat-
ing different DNA sequences is greatly reduced (the difference
in relative binding affinity between the strongest and the
weakest bound sequence is only 2-fold); (ii) the maximal bind-
ing affinity, obtained with the oligonucleotide Cay, is re-
duced compared to the ones observed for other proteins of

GscHD GscHD(Ygy) GscHD (M5y)
DNA sequence
Pos.n° 0 1 23 4567 8
Cant1 GTTAATTGT
Cantipic GTTAATCCT
Cant4 GTTAAGTGT
Cantdbic GTTAAES_ET
1 1 I 1 I |
50 100 50 100 50 100
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Fig. 3. Relative DNA-binding activity of GscHD and mutants of it. Sequences of the DNA sites are shown on the left. The DNA-binding ac-
tivity is expressed as fraction of that measured for the GscHD/Caygnic interaction, arbitrarily considered as 100. Each bar represents the mean
value of three independent determinations. Lines above bars indicate the standard deviation of mean values.
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Fig. 4. Base preference of GscHD and GscHD(M®!). For each oligonucleotide subjected to selection (N:5 and N:6-7), three DNA sequences
are shown: the unselected (on the left), the GscHD-selected (in the middle), the GscHD(M?>*)-selected (on the right). The number of each base
is indicated at the extreme right of each experiment and corresponds to the numbering of Figs. 2 and 3.
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the Antp series with respective preferred sites; (iii) the favorite
site (Cant1) does not contain the dinucleotide CC at position
6-7, indicating that the discriminating function of Lys® is
significantly impaired.

GscHD naturally contains Lys at position 50 [17]. As ex-
pected, the oligonucleotide Cayiipic 18 the favorite sequence of
this protein. In fact, Lys®® would select CC over TG at posi-
tions 6-7 and Ala® allows a better recognition of T over G at
position 5 (Fig. 3). For the mutant GscHD(Y?**), where Ala™
is changed to Tyr, the preferred site is Cypeanic, indicating that
also in the context of GscHD the discriminating function of
Tyr®* is preserved in presence of Lys®*. The mutant
GscHD(M®') contains the pair Lys®-Met®. This protein
shows both a reduced binding activity and a reduced discrim-
inatory power for the tested oligonucleotides. Thus, in the
context of GscHD the replacement of Ala® with Met impairs
the DNA-binding function of this protein, indicating again an
inefficient DNA-binding function when a HD contains the
pair Lys*’-Met®. Structural studies with Engrailed HD have
revealed that the side chain of Ala™ does not establish contact
with DNA [18]. This evidence suggests that the reduced bind-
ing function of GscHD(M>!) mutant could be due to a neg-
ative effect of Met® on the Lys®®-DNA interaction. This pos-
sibility was tested by site selection experiments (Fig. 4). The
N:5 oligonucleotide contains a degeneration at position 5, the
base-pair recognized by amino acid 54. The oligonucleotide
N:6-7 contains degenerations at positions 6 and 7, the base-
pairs recognized by amino acid 50. Selected DNAs from N:5
oligonucleotide show that GscHD or GscHD(M?") strongly
prefer T at position 5 (Fig. 4), indicating that these proteins
do not differ in their capability to discriminate at this posi-
tion. In contrast, selected DNAs from N:6-7 oligonucleotide
indicate that only GscHD, but not GscHD(M??), is able to
discriminate at level of base-pairs 6 and 7. In fact, GscHD
strongly prefers the dinucleotide CC at position 6—7, while

-
Fig. 5. GscHD discriminates specific from non-specific DNA se-
quences more efficiently than GscHD(M®). The indicated amounts
of genomic DNA (from calf thymus) were added in the binding re-
action simultaneously to the HDs and the Cyuypie oligonucleotide.
After 30 min the reactions were loaded on polyacrylamide gels.
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GscHD(M®?) is by no means able to discriminate at position
6, and only a weak preference for G is observed at position 7.
Since the dinucleotide at position 6-7 is contacted by amino
acid at position 50 (Lys in the Gsc context), we conclude that
in the mutant GscHD(M®%) the discriminating function of
Lys® is severely reduced.

The impaired DNA-discriminating function of Lys*® by the
presence of Met® would suggest that the effects shown in
Figs. 2 and 3 could be mainly due to a reduced discriminating
function between specific and non-specific DNA sequences of
the whole Lys®®-Met**-containing HDs (DNA-binding assays
of Figs. 2 and 3 are performed in presence of non-specific
DNA, see Section 2). This possibility was tested in the experi-
ment shown in Fig. 5. The GscHD/Cayiqpie or the
GscHD(Met®)/Cppi1hic complexes were incubated either in
the absence or in the presence of genomic DNA (used at
different concentrations). In the absence of competitor
DNA, GscHD(Met™) is able to interact with the oligonucleo-
tide Captinic as well as the wild-type protein. However, the
complex GscHD(Met?*)/Capi1vic 15, at least, 30-fold less resist-
ant than the complex GscHD/Cayi1bic to the competition with
genomic DNA. These results indicate that GscHD(Met??) is
not able to discriminate among different DNA sequences as
efficiently as the wild-type GscHD. Therefore, in presence of
the pair Lys®*-Met*, the HD capability of discriminating dif-
ferent DNA sequences is severely reduced.

In a binding assay without competitor DNA performed
with fushi tarazu (ftz) HD, the pair GIn®*-Met® prefers GG
over CC at positions 67, while the pair Lys*-Met* shows
the opposite binding preference [19]. However, the ftz HD
which contains the pair Lys?*-Met* shows a differential bind-
ing affinity between GG- and CC-containing sequences 2.5-
fold lower than that of the protein containing the pair GIn®-
Met® [19]. Accordingly, a ftz protein which contains the pair
Lys®°-Met> activates promoters with a binding site contain-
ing either CC or GG at position 6-7 [20], suggesting a reduced
DNA-discriminatory function also in a in vivo situation.

These data indicate that HDs with the pair Lys®-Met®* are
not able to discriminate different DNA sequences as efficiently
as those possessing other combinations and, therefore, may
provide the explanation why this combination is never present
in natural HDs [3]. Our sequence selection experiment
strongly suggests that the presence of Met* precludes an effi-
cient base-discriminating function by Lys®. Structural studies
are required to understand the molecular details of this epi-
static effect. The concept that, during evolution, interferences
on the DNA-binding function may have limited the combina-
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tions of contacting amino acids is strengthened by the recent
finding of a network of covariant amino acids, which includes
residues at positions 50 and 54, on the outside surface of HD-
recognition helix [21].
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