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Most homeodomains bind to DNA sequences containing
the motif 5'-TAAT-3'. The homeodomain of thyroid
transcription factor 1 (TTF-1HD) binds to sequences
containing a 5'-CAAG-3' core motif, delineating a
new mechanism for differential DNA recognition by
homeodomains. We investigated the molecular basis of
the DNA binding specificity of TTF-1HD by both
structural and functional approaches. As already sug-
gested by the three-dimensional structure of TTF-
1HD, the DNA binding specificities of the TTF-1,
Antennapedia and Engrailed homeodomains, either
wild-type or mutants, indicated that the amino acid
residue in position 54 is involved in the recognition of
the nucleotide at the 3’ end of the core motif 5'-
NAAN-3'. The nucleotide at the 5’ position of this core
sequence is recognized by the amino acids located in
position 6, 7 and 8 of the TTF-1 and Antennapedia
homeodomains. These data, together with previous
suggestions on the role of amino acids in position 50,
indicate that the DNA binding specificity of homeo-
domains can be determined by a combinatorial molecu-
lar code. We also show that some specific combinations
of the key amino acid residues involved in DNA
recognition do not follow a simple, additive rule.
Keywords: DNA binding/DNA recognition/
homeodomain

Introduction

Detailed knowledge of the molecular mechanisms used
by transcription factors to recognize specific DNA
sequences is important in understanding how gene expres-
sion is regulated. It has not been possible to derive a
general protein-DNA recognition code (Pabo and Sauer,
1984; Pavletich and Pabo, 1993; Suzuki, 1994; Suzuki
et al., 1995), presumably because DNA binding domains
have distinct structures and, therefore, different ways in
which to contact DNA (Sauer et al., 1982; Landshultz
et al., 1988; Pabo and Sauer, 1992; Miller et al., 1995).
Hence, each class of DNA binding domain might have a
distinct recognition code. Recent data on zinc finger
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proteins support this notion as well as the possible practical
outcome of this approach (Choo et al., 1994).

The homeodomain (HD) is a 60 amino acid long
DNA binding domain of a large family of transcriptional
activators. HD-containing transcription factors control
various cell fate decisions in a wide range of organisms
including yeasts, insects and vertebrates (Gehring, 1987,
Levine and Hoey, 1988; Kaufman et al., 1990). The
biological specificity of HD-containing proteins can, in
part, be explained by differences in the DNA recognition
properties of their homeodomains (Dessain et al., 1992;
Ekker et al., 1992). It is, therefore, essential to rationalize
the molecular basis of the HD-DNA recognition. To this
end, it is necessary to integrate three types of information:
(i) the structure of HDs; (ii) their DNA binding mode;
and (iii) the identification of the amino acid-base pair
contacts controlling the specificity of interaction. HDs
show a conserved structure consisting of three helical
regions (I, IT and III) folded into a tight globular structure
(Qian et al., 1989, 1994; Tsao et al.,, 1995). Helix I is
preceded by an N-terminal arm and separated by a loose
loop from helix II which, with helix III, forms a helix—turn—
helix motif (HTH). The latter was described previously for
several prokaryotic gene regulatory proteins (Pabo and
Sauer, 1992). However, unlike prokaryotic HTH motifs
that bind to DNA as dimers, HDs bind to DNA as
monomers (Affolter et al., 1990; Florence et al., 1991).

The DNA binding mode of HDs is very well conserved
(Kissinger et al., 1990; Otting er al., 1990; Wolberger
et al., 1991; Gehring et al., 1994a; Hirsch and Aggarwal,
1995). Helix III (also called the recognition helix) lies in
the major groove of the DNA and establishes specific
contacts with bases. Although the HD has the same HTH
protein fold as the prokaryotic HTH proteins, the residues
used for contacting DNA bases in the recognition helix
are shifted by one turn toward the C-terminus. Moreover,
compared with classic prokaryotic HTH proteins, HDs
have an extended C-terminus of the recognition helix with
many basic residues that bind to DNA phosphates. As a
consequence, it has been proposed that the HD recognition
helix does not use the HTH-type DNA binding geometry,
but the type called probe helix (PH) (Suzuki et al., 1995),
the same as that which occurs in basic zipper proteins.
The HD makes additional specific contacts with bases, in
the minor groove, with its N-terminal arm. The exact way
in which the N-terminal arm contacts DNA can differ for
the different HDs. In fact, the N-terminal arm in the Even-
skipped (Eve)-DNA complex follows the minor groove
instead of, as in the Engrailed (En)-DNA complex, reach-
ing across it (Kissinger et al., 1990; Hirsch and Aggarwal,
1995). In addition to the recognition helix and N-terminal
arm, the loop between helices I and II interacts with the
DNA backbone.

Most of the HDs bind with high affinity to sites which

© Oxford University Press



Specificity of the homeodomain-DNA interaction

Fig. 1. Structure of TTF-1HD. (A) A stereoview of a superimposition of 20 AMBER-refined structures of TTF-1HD. Only the backbone atoms of
residues 10-58 (superimposed on the best structure obtained from DIANA) are shown. (B) A stereoview of the ribbon structure of TTF-1HD with

side chains of GIn50 and Tyr54.

bear the sequence 5'-TAAT-3' as a core (Hoey and Levine,
1988). However, the preference for DNA sequences out-
side this core appears to differ considerably (Hanes and
Brent, 1991; Ekker et al., 1992; Catron et al., 1993). In
addition, some HDs show a preference for sites with core
sequences other than the 5'-TAAT-3" motif (Damante and
Di Lauro, 1991; Ekker et al., 1994; Tang and Breitman,
1995).

The amino acids which control the DNA binding
specificity of HDs are located mostly in the recognition
helix and in the N-terminal arm (Treisman et al., 1989;
Percival-Smith er al., 1990; Hanes and Brent, 1991;
Furukubo-Tokunaga et al., 1992; Lin and McGinnis, 1992;
Ades and Sauer, 1994; Damante et al., 1994; Hanes et al.,
1994; Phelan et al., 1994; Pomerantz and Sharp, 1994;
Vershon et al., 1995). However, the relative importance
of each residue appears to be different, depending on the
HD. The only amino acid that appears to have a general
role in controlling DNA binding specificity is located at
position 50. In fact, using genetic approaches, it has been
demonstrated that the nature of the amino acid at position
50 dictates the preference for the dinucleotide immediately
3’ to the core sequence (5'-TAAT-3’ or others) (Treisman
et al., 1989; Percival-Smith er al., 1990; Hanes and Brent,
1991; Ades and Sauer, 1994; Damante et al., 1994; Hanes
et al., 1994; Phelan et al., 1994; Pannese et al., 1995).
The structure of HD-DNA complexes has, however, not
completely elucidated the nature of the specificity of these
interactions, thus stressing the need for both genetic and
structural approaches in order to gain better insights into
the rules of DNA sequence selection by HD-containing
proteins.

We have chosen the HD of the thyroid transcription
factor 1 (TTF-1HD) as a model to explore the molecular
mechanisms which form the basis of the DNA binding
specificity of HDs. At variance from many other HDs,
TTF-1HD recognizes sequences containing a 5'-CAAG-
3’ core motif (Damante et al., 1994). '"H NMR studies
revealed that TTF-1HD folds into the typical HD structural
motif, namely three helices spanning the fragments 10-22,
28-39 and 42-59 of the sequence (Figure 1A, Brookhaven
Protein Data Bank, id. code: 1FTT; G.Esposito, F.Fogolari,
G.Damante, S.Formisano, G.Tell, A.Leonardi, R.Di Lauro
and P.Viglino, unpublished data). Here, we show that
residues located in the N-terminal arm and in the recogni-
tion helix control the binding specificity of TTF-1 and of
other HDs. Moreover, we identify the nucleotide(s) that
are differentially recognized in the cognate sequences and
propose that the DNA binding specificity of HDs is
dictated by a combinatorial code.

Results

The amino acid at position 54 controls the DNA
binding specificity of TTF-1HD

The structure of TTF-1HD was useful in gaining insights
into the residues which are in the appropriate position to
contribute to the DNA binding specificity of this protein.
The spatial arrangement of TTF-1HD shows that Tyr54
is in an excellent position to contact DNA (Figure 1B),
as previously predicted by a modelling study (Fogolari
et al., 1993). Interestingly, a tyrosine residue at this
position is present in all members of the NK class of HDs
(Kim and Nirenberg, 1989; Gehring et al., 1994b; Evans
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Fig. 2. The amino acid at position 54 controls the DNA binding specificity of TTF-1HD. The proteins used are indicated above each autoradiogram.
The sequences of the oligonucleotides are shown in Table I. B: bound DNA; F: free DNA. Gel retardation assays were performed as described in

Materials and methods.

et al., 1995). The relevance of the residue at position 54
for DNA binding specificity has been proposed already
on the basis of structural considerations (Laughon, 1991);
furthermore, when MATo2 HD is mutagenized so that the
naturally occurring Arg54 is changed to Met, a dramatic
change occurs in its ‘in vivo’ activity (Vershon et al.,
1995). In order to test the relevance of Tyr54 for the
recognition of the motif 5-CAAG-3' by TTF-1 HD,
the mutant TTF-1HD(Ms,) was constructed, with a Met
residue replacing the wild-type Tyr54. Met54 is conserved
in many HDs, such as those of the Antennapedia (Antp)
class, that preferentially bind to DNA sequences containing
the 5'-TAAT-3' core motif (Damante et al., 1994). The
DNA binding specificity of wild-type and TTF-1HD(Ms,)
was evaluated by using either a TTF-1 (oligonucleotide
C) or an Antp binding site (oligonucleotide BS2), and
mutants thereof. Results are shown in Figure 2 and, in a
quantitative form, in Table 1. For the sake of clarity, we
will refer to the crucial bases in these two oligonucleotides
using the numbering of Table I. Hence, the core sequences,
5'-CAAG-3’ or 5'-TAAT-3', in oligonucleotides C and
BS2, respectively, correspond to nucleotides 2 (C or T),
3 (A), 4 (A) and 5 (G or T). The data shown in Figure 2
and Table I demonstrate that, independently of whether
the flanking DNA sequence is that of oligonucleotide C
or BS2, the wild-type TTF-1HD prefers G at position 5
(C>Canzs CantaCanu and BS2y;,>BS2). In contrast,
TTF-1HD(Ms,) prefers oligonucleotides bearing T in place
of G at position 5 (Cpn>C, Cupnii=>Cans and
BS2>BS2),). These findings demonstrate that the nature
of the residue at position 54 of TTF-1HD determines a
preference for specific nucleotides at position 5 in the
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cognate binding sites and hence contributes to the overall
DNA binding specificity of this HD.

The amino acid at position 54 controls the DNA
binding specificity of Antp and En HDs

To verify whether the nature of residue 54 is a determinant
for the DNA binding specificity of other HDs, we first
measured the binding of Antp and En HDs, which bear
respectively Met and Ala at position 54, to the oligonucleo-
tides C and BS2 and the mutants thereof already described
above. Both Antp and En HDs bind to 5'-TAAT-3'-
containing sequences, irrespective of whether the sequence
context is that of the C or of the BS2 oligonucleotide
(Table I). This result is exactly the reverse of that obtained
with TTF-1HD, showing that the only major difference
between the recognized sequences of Antp and En HDs,
on one hand, and of TTF-1 HD, on the other, is in the
core motif 5'-YAAK-3’, where Y and K must be T for
the former and C and G for the latter. These results also
suggest that the presence of either Ala or Met in position
54 does not affect the DNA binding specificity, as we
could not detect any difference in DNA sequence selection
between Antp or En HDs. Both Antp and En HDs were
mutagenized to give the HDs Antp(Yss) and En(Ys,)
which bear Tyr at position 54. As predicted, both mutant
HDs switch their preference toward sequences that contain
the core motif 5'-TAAG-3’, such as Cypy or BS2yp
(Table I). We conclude that the amino acid residue in
position 54 of HDs is of relevance in determining the
DNA sequence recognized. In addition to Tyr (TTF-1),
Met (Antp) and Ala (En), several other residues can be
found in this position in different HDs (Gehring et al.,
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Table 1. DNA binding speciticity of TTF-1HD. AntpHD. EnHD and their mutants

Oligos Position No. Proteins

0123456738 TTF-IHD  TTF-IHD  AntpHD  AntpHD  EnHD EnHD TTF-IHD AntpHD  TTF-1HD AntpHD

(Msy) (Ysy) (Ysy) (QTY) (VLF) (QTY-Msy)  (VLF-Ysy)

C GTCAAGTGT 100 43 =6 2+ 37 =4 3= 323 474 23 =3 42 49 =4
Cami GTTAATTGT 5= 85 =2 88 =3 24 =4 131 = 1 212 153 85 =7 95 = 132
Canmz GTCAATTGT 20=3 105 = 6 125 72 29 =8 | 62 118 = 14 nd. nd.
Canu GTTAAGTGT 65 =5 30=2 18 =3 94+ =9 175 17=15 89 =6 22 =3 nd nd.
BS2 TCTAATGGC 3+ 30=6 80 = 4 18 =3 7914 143 83 776 34 =5 1 =2
BS2qy TCCAAGGGC 78 =7 1 =1 8 =1 24 42 264 82=38 7=2 1 =1 16 = 4
BS2yp» TCTAAGGGC 43 =3 1 =1 152 60 = 6 9+3 53 =7  nd n.d. n.d. n.d.

The proteins used are indicated at the top of the table. The names and sequences (partial) of the oligonucleotides are indicated on the left. Only one strand is reported. in
the 5'—3" direction. Bases shown in bold at positions 2 or 5 indicate mutations introduced with respect to the wild-type C and BS2 oligonucleotides. Values indicate the
DNA binding activity of each protein with the corresponding oligonucleotide. The DNA binding activity was determined by measuring the protein-bound/free DNA ratio
in gel retardation assays. Results are expressed as a fraction of the value obtained for the TTF-1-C complex. considered arbitrarily as 100. Each value represents the

mean = SD of at least three independent determinations. n.d.: not done.

1994b). We suggest that such a difference in residues
might contribute to dictating the in vivo target genes for
the corresponding HDs.

Residues at the N-terminus control the DNA
binding specificity of TTF-1 and Antp HDs

Even though residue 54 is important for DNA binding
specificity, some other amino acid residue must be respons-
ible for differential recognition of sequences containing
either a C or a T in position 2 of the recognized site. In
fact, regardless of whether the residue at position 54 is
Tyr or Met, TTE-1HD prefers sequences containing a
C in that position (in Table I: C>Cap. Can2>Cami-
BS2,,>BS2ys,). Conversely, both Antp and En, regardless
of the residue present in position 54, preferentially bind
to sequences containing T in position 2 of the recognized
sequence (in Table I: Cppu>C, Cani>Cann. BS2\p>
BS2y)). Since it has been demonstrated that TTF-1HD
DNA binding specificity is also conferred by residues
located in the first 28 positions of the HD (Damante and
Di Lauro, 1991), several TTF-1HD mutants were tested,
in which amino acids of this region were changed to those
of AntpHD (data not shown). A striking change in the
binding properties was observed with the mutant TTF-
IHD(QTY) in which Val6, Leu7 and Phe8 were changed
to Gln, Thr and Tyr, respectively (these amino acids are
present at position 6, 7 and 8 in AntpHD). TTF-
IHD(QTY). in contrast to the wild-type HD. prefers the
5'-TAAG-3'-containing sequence (Ca,s>C, etc.). even
though it still binds efficiently to 5'-CAAG-3"-containing
sequences (Table I)

The effect of changing residues at positions 6, 7 and 8
was also tested in AntpHD. The corresponding amino
acids of TTF-1HD were introduced into the wild-type
protein to produce AntpHD(VLF). As predicted, this
mutant binds preferentially to the 5'-CAAT-3’-containing
sequence (Cano>Can) (Table I).

Combinatorial effects of mutations at positions 6,
7, 8 and 54

Previously, we have demonstrated a role for the amino
acid at position 50 in controlling TTF-1HD binding
specificity (Damante er al., 1994). Here it is shown that
the peculiar DNA binding specificity of TTF-1HD is
contributed by two additional determinants, one located

in the N-terminal arm (residues 6. 7 and 8) and the other
in the recognition helix (residue 54). By constructing
double mutant HDs in which residues at the N-terminus
and at position 54 were changed simultaneously, we tested
whether these determinants act in a combinatorial fashion.
The specificity conferred by these two determinants
appears to be additive both in TTF-1HD and in AntpHD
(Table I). The TTF-1HD double-mutant (QTY-Ms,) prefers
sequences that contain 5'-TAAT-3" (Ca, and BS2) and
therefore its DNA binding specificity is very similar to
that observed for AntpHD. Similarly, the Antp double
mutant (VLF-Ys,). binds most efficiently to 5'-CAAG-
3'-containing sequences (C and BS2y;,). From data listed
in Table I, it can be observed that there must be additional
contributions to DNA binding preferences. since there are
quantitative changes among the different mutants that
cannot be explained entirely by the mutations introduced.

Interference between determinants of the DNA
binding specificity

Figure 3 presents a model summarizing the DNA—protein
contacts responsible for the binding specificity of TTF-
1HD. The structural analogies between TTF-1 and other
HDs indicate that this domain can be oriented and aligned
to the cognate sequence with respect to an invariant
interaction between residue Asn51 and the adenine partner
of the A:T base pair corresponding to the third base of
the 5'-YAAK-3' core (Ekker et al., 1992). Besides the
Asn51 contact, the interactions described in the model are
based on functional data presented here and elsewhere
(Damante et al., 1994). We have demonstrated previously
that TTF-1HD(Ksg). in which lysine replaces glutamine
at position 50, recognizes the sequence 5'-CAAGCC-3',
as opposed to the wild-type protein that prefers the
sequence 5'-CAAGTG-3' (Damante et al.. 1994), indicat-
ing that, as in most other HDs. a functional interaction
occurs between amino acid 50 of TTF-1HD and the
dinucleotide attached to the 3’ end of the 5'-YAAK-3'
core motif. The model shown in Figure 3 envisages the
possibility of delineating a code for HD-specific DNA
recognition: once all relevant residues in HDs and their
preferred nucleotide in the recognition site are known, it
should be possible to predict the sequence of a binding
site from the specific combination of amino acid residues
at the key positions in the HDs. To test further the validity
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TTF-1HD

TTF-1HD
(QTY-M;,)

TTF-1HD (Ksg)

Fig. 3. Amino acids controlling DNA binding specificity of TTF-1HD.
Three proteins are shown: TTF-1HD, TTF-1HD(VLF-Ms,) and
TTF-1HD(K), each flanked by the optimal cognate DNA sequence.
L, II and III indicate the first, second and third helix of HD,
respectively. Amino acids are indicated by the single letter code. The
arrows indicate functional interactions between amino acids and base
pairs. In the case of the N5;-A interaction, the arrow indicates a direct
structural contact. The data supporting the scheme of the
TTF-1HD(Ksp)-DNA interaction are from Damante et al. (1994).

of the recognition code summarized in Figure 3, we used
single and double mutants of TTF-1HD, in which Gln
and Lys at position 50, and Tyr and Met at position 54,
were present in all combinations. We focused on amino
acids 50 and 54 because of their relative proximity in the
DNA-contacting surface of the recognition helix. The
binding activity of wild-type, single and double mutant
proteins was tested on a set of C-based oligonucleotides
in which all combinations of the bases preferred by amino
acids at position 50 and 54 were present. The results of
this approach are shown in Figure 4. The combinations
GIn50-Tyr54, GIn50-Met54 and Lys50-Tyr54 follow the
code, i.e. each protein prefers the DNA sequence con-
taining the appropriate combination of nucleotides. How-
ever, the DNA sequence preference of the combination
Lys50-Met54 does not correspond to that predicted and,
furthermore, TTF-1HD(Kso-Ms,) shows a poor DNA
binding activity. From these data, we deduce that there
are restrictions to the code due to functional or structural
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interferences between specific amino acid residues. In this
respect, it is of great interest to point out that in the
naturally occurring HDs the nature of the amino acid at
position 54 appears to be constrained by the presence of
either Gln or Lys at position 50 (Table II). GIn50 allows
a wide spectrum of different residues at position 54, Met
being the most abundant. In contrast, Met54 is never found
when position 50 is occupied by Lys. This observation
correlates well with the findings that in the context of
TTF-1 the combination Lys50-Met54 does not show
optimal DNA binding properties. The strong association
Cys50-GIn54 (this combination is found in all POU-HD
proteins) further supports the existence of constraints
between amino acids at positions 50 and 54.

Discussion

We present evidence indicating that amino acids in the
N-terminal arm, as well as the amino acid at position 54,
control the DNA binding specificity of several HDs.
Therefore, it appears that the DNA binding specificity of
a single HD is conferred by several determinants. Evidence
supporting our conclusion has been obtained recently by
studying the differential DNA binding specificity existing
among Msx-1 and HoxA3 HDs (Ebu Isaac et al., 1995).
The control of the DNA binding specificity is not restricted
to base-contacting residues, since backbone-contacting
amino acids could also play a significant role (Furukubo-
Tokunaga et al., 1992).

A large body of evidence indicates that residues at the
N-terminal arm of HD control the functional specificity
of HD-containing proteins (Kuziora and McGinnis, 1989;
Gibson et al., 1990; Mann and Hogness, 1990; Lin and
McGinnis, 1992; Zeng et al,, 1993; Mann, 1995). The
difference in the functional specificity between Antp and
Scr is determined by four amino acids of the N-terminal
arm (Furukubo-Tokunaga et al., 1993). Also the difference
in functional specificity between Dfd and Ubx resides in
the N-terminal arm of their HD (Mann and Hogness,
1990; Lin and McGinnis, 1992; Chan and Mann, 1993).
A direct influence of residues of the N-terminal arm on
DNA binding specificity has been observed: amino acids
at positions 6 and 7 play a decisive role in the different
sequence specificity displayed by Ubx and Abd-B HDs
(Ekker et al., 1994). Consistently, the ability of the
N-terminal arm to discriminate base pairs in the minor
groove has been demonstrated (Ades and Sauer, 1995;
Dragonescu et al., 1995). Residues at positions 6 and 7
may operate as a pair in conferring sequence specificity.
They diverge widely among all HDs, but exhibit a strong
pairwise conservation within related groups (Laughon,
1991). Besides NK class HDs, the combination Val6, Leu7
and Phe8 is present in the Drosophila cutHD. Interestingly,
by using a genetic screen, it has been demonstrated that
cutHD binds to a TAA repeat sequence (therefore more
similar to 5'-TAAT-3' than to 5'-CAAT-3’ sequences used
in this study) with an affinity 10-fold lower with respect
to Antp class HDs (Kalionis and O’Farrel, 1993). In
several of the resolved HD-DNA complexes, residues 6,
7 and 8 are involved in a variety of contacts mainly to
the sugar-phosphate backbone at the interface between the
major and minor grooves. In the Antp-DNA complex,
GIn6 should be able to establish an interaction with the
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TTF-1HD TTF-1HD
(Ms4) (Ksq) (Ks50-Msy)
DNA sequence
Pos.n 012345¢67
*
c GTCAAGTG - ig
*
Chic GTCAAGCCT g —
Chnts GTCAATTG - -
*
Cantabic GTCAATCC ]‘ -
T 1 T 1 T 1
50 100 50 100 50 100 50 100

Relative DNA-binding affinity

Fig. 4. DNA binding affinity of mutants of TTF-1HD with single or double mutations at positions 50 and 54. On the left. the names and sequences
of the oligonucleotides are indicated. Underlined bases indicate mutations with respect to the wild-type C sequence. The relative DNA binding
affinity was measured as described in Materials and methods. and in both panels is expressed as the percentage of the binding affinity detected for
the TTF-1HD-C complex considered arbitrarily as 100. Asterisked columns indicate the expected optimal sequence for each protein. in the case of a
combinatorial effect of amino acids at positions 50 and 54. Each bar indicates the mean = SD of at least three measurements performed in separate

gels.

Table II. Number of homeodomains possessing the various combinations of amino acids at positions 50 and 54

Amino acid at  Total Amino acid at position 54 (No.)

position 50 (385)
Met (183)  Ala(86)  GIn(37)  Thr(22) Tyr (13) Ser (13) Val (9)  Asn(6) Arg (6) Others (12)
Gin 324 183 71 2 22 13 11 9 6 4 11
Lys 9 - 7 - - - - - - 2 -
Cys 35 - - 35 - - - - - -
Others 17 - 8 - - - 2 - - - 1

Data are from Gehring et al. (1994b). The homeodomains of the POU class are included. all containing Cys and Gln at positions 50 and 54.

respectively.

phosphodiester backbone between base pairs 2 and 3 of
the BS2 sequence which, in turn, may facilitate the
contacts of Tyr8 with the deoxyribose moiety of A2. This
concerted interaction pattern would be lost with a valine
at position 6, resulting in a different anchoring of the
protein at the interface between the major and minor
groove, which may determine a packing shift in the
remainder of the complex.

It is of interest to observe the DNA binding effects of
either methionine or tyrosine at position 54 in the light
of the structural data on protein-DNA complexes. The
reduction of the binding activity of both Antp and En
HDs with sequences bearing the 5'-TAAG-3" motif in
place of 5'-TAAT-3’ should occur because of the loss of
the hydrophobic contact made by Ile47 with the methyl
group of the thymine at the 3" extremity of the 5'-TAAT-
3’ sequence. EnHD(Ys,) binds preferentially to 5'-TAAG-
3'-bearing sequences because of the favourable inter-
actions between Tyr54 and the base pair at the 3’ end of
the core. The inability of the same protein to bind 5'-
TAAT-3'-bearing sequences efficiently could be due to the
rigid and bulky aromatic ring of tyrosine that would not
allow the Ile;-—DNA interaction to be accommodated. A
similar model could be invoked to explain the results
obtained with the AntpHD(Y5;) mutant where the contacts
of both Ile47 and GIn50 would be disrupted by Tyr54. It

is very important to note that, in the AntpHD-DNA
complex. residue 54 interacts with the base pairs at
position 6 and 7. i.e. outside the 5’-TAAT-3' core (Billeter
et al.. 1993). Therefore, the functional interaction between
Met54 and the thymine at the 3" end of the 5'-YAAT-3'
core should not be due to a direct interaction but to a lack
of steric hindrance of this amino acid in the contact
between Ile47 and thymine at the 3’ end of the 5'-YAAT-
3’ core. A direct interaction involving Met54 and the base
pair 3’ to the conserved Asn5l-adenine (5'-YAAT-3')
contact has been observed recently in the crystal of the
Eve-DNA complex (Hirsch and Aggarwal, 1995). In that
case. Met54 establishes a van der Waals contact with the
N7 of the adenine pairing thymine at the 3" end of the
5'-TAAT-3' core motif. The mutation 5'-TAAT-3'—5'-
TAAG-3’ introduces a cytosine in place of the Met54-
contacted adenine, which removes the possibility of estab-
lishing the appropriate hydrophobic interaction (Seeman
et al.. 1976).

The structural observation made in the Antp-DNA
complex, where GIn50 and Met54 contact the same
nucleotides (3’ to the 5'-TAAT-3’ core) could provide the
explanation as to why TTF-1HD (Ks,-Ms;) shows an
overall weak DNA binding activity that is not predictable
by a combinatorial code. The side chain of Gln is relatively
short and can work simultaneously as an acceptor and
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donor of hydrogen bonds. Therefore, this residue appears
ideally suited to establishing the network of short-lived
fluctuating interactions, described in the Antp—-DNA com-
plex (Billeter et al., 1993). By contrast, Lys, with a longer
and positively charged side chain, appears to be less
versatile than Gln. Therefore, when GIn50 is present, an
optimal fluctuating network of hydrogen bonds may occur,
allowing Met54 to establish its correct contacts with DNA.
Lys50, on the other hand, could disrupt MetS4-DNA
contacts. Interestingly, Table II shows that most of the
HDs with Lys at position 50 contain an alanine at position
54, i.e. a residue with a reduced side chain hindrance
that, therefore, would not interfere with the LysSO-DNA
contacts. Structural studies on Lys50-containing HD-DNA
complexes are required to test this prediction.

In conclusion, this study provides an important refine-
ment of the molecular mechanisms used by HDs in
recognizing DNA sequences. It has been demonstrated
recently that HDs require protein—protein interactions to
select target genes (Smith and Johnson, 1992; Beachy
et al., 1993; Chan et al., 1994; Zappavigna et al., 1994,
Chang et al., 1995; Johnson er al., 1995; Li et al., 1995;
Mann, 1995; Smith er al., 1995; Wilson et al., 1995;
Copeland et al., 1996; Shen et al., 1996; Wolberger, 1996).
Moreover, some HDs could recognize RNA (Dubnau and
Struhl, 1996). Nevertheless, the understanding of the
molecular basis of HD DNA binding specificity must still
be considered as a fundamental issue in the refinement of
models of gene expression regulation by HDs. We have
confirmed that residues at the N-terminal arm control the
DNA binding specificity of these proteins. Moreover, we
have demonstrated the role of the amino acid at position 54
and identified the base pair responsible for the underlying
functional interaction. In exploring the possibility of a
combinatorial HD-DNA recognition code, we provide an
explanation of why only certain combinations of contacting
amino acids have been selected during evolution.

Materials and methods

Plasmids and construction of mutants

Plasmids encoding TTF-1. Antp and En HDs have already been described
(Muller et al.. 1988; Damante and Di Lauro, 1991; Wilson et al.., 1993).
In all of these plasmids the transcription of the HD-coding sequence is
driven by the T7 RNA polymerase promoter. Mutants were constructed
by PCR (Ho et al., 1989). cloned in the bacterial expression vector
pT7.7 and verified by nucleotide sequencing.

Protein expression and purification

Proteins were expressed using the Escherichia coli strain BL21 (DE3)
(Studier et al., 1991). Briefly, BL21 cells were transformed with
expression plasmids, and cultures were grown in LB at 37°C overnight
with shaking. Then, 2-4 | of LB were inoculated with the overnight
cultures and shaken at 37°C until the ODg reached 0.6. At this point.
the expression of the T7 RNA polymerase was induced by 0.5 mM of
IPTG and, 3 h after induction, bacteria were pelleted and frozen at
-80°C. TTF-1HD protein to be used in NMR analysis was purified
essentially as described (Muller et al., 1988) with two chromatographic
steps using Biorex and Mono S ion-exchange matrices. At the end of
the procedure, the purity of the proteins was checked by SDS-PAGE
and reverse phase chromatography and was shown to be at least 99%.
The protein concentration was determined spectrophotometrically. The
HD proteins used for DNA binding assays were partially purified using
Econo Pac S cartridges (Bio-Rad). A purity of 40-80% was achieved.
enough for the proteinsto be detected by SDS—PAGE. The concentration
of the active protein was measured by oligonucleotide saturation assay.
A gel retardation assay (see below) was performed without calf thymus
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DNA and with increasing amounts of oligonucleotides (from 0.3 to
50 nM), then the protein-bound and free oligonucleotide concentration
values were subjected to a Scatchard plot analysis. value The percentage
of active protein was usually 20-40%

Gel retardation assay and quantitation of the binding
activity

Double-stranded oligodeoxynucleotides, labelled at the 5’ end with 3P,
were used as probes in the gel retardation assays. The C site is a 24mer
whose upper strand sequence is 5'-CACTGCCCAGTCAAGTGTT-
CTTGA-3'. The BS2 site is an 18mer whose upper strand sequence is
5'-GAGAAAAAGCCATTAGAG-3'. Mutants of C and BS2 described
in the Results section were based on wild-type oligodeoxynucleotides;
thus, C and BS2 mutants were 24mers and 18mers respectively. The gel
retardation assay was performed by incubating protein and DNA in a
buffer containing 20 mM Tris—HCI pH 7.6, 75 mM KClI, 0.25 mg/ml
bovine serum albumin (BSA), 5 mM dithiothreitol (DTT), 5 mg/ml calf
thymus DNA, 10% glycerol for 30 min at room temperature. Protein-
bound DNA and free DNA were separated on a native 7.5% polyacryl-
amide gel run in 0.5X TBE for 1.5 h at 4°C. Gels were dried, exposed
to X-ray films and bands were quantitated by densitometric scanning of
the autoradiogram using an LKB laser densitometer. The DNA binding
activities of HDs were determined by calculating the ratio of protein-
bound and free DNA signals using the same amount of active protein.
Results are expressed as the percentage of the binding activity of the
TTF-1HD-C complex, arbitrarily considered as 100.
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