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The 500 MHz '"H NMR spectrum of a 68-residue peptide, encompassing the rat thyroid transcription factor 1 homeodomain (TTF-1 HD), was

fully assigned using standard 2D NMR methodology. The secondary structure elements and their spatial organization were determined and led

to a structure very similar to that previously described for other homeodomains and expected also for TTF-1 HD from homology modeling

predictions. The three-dimensional arrangement of the three helix fragments of TTF-1 HD preserves the helix—turn-helix motif commonly occurring
in many classes of DNA-binding proteins.

Thyroid transcription factor 1 (TTF-1); Homeodomain; Protein NMR

1. INTRODUCTION

Thyroid transcription factor 1 (TTF-1) is a homeodo-
main-containing protein responsible for transcriptional
activation of genes expressed in follicular thyroid cells
[1,2]. Homeodomains (HDs) are DNA-binding protein
domains, approximately 60 residues long, that are en-
coded by highly conserved DNA stretches, the
homeoboxes, occurring in several genes involved in
transcriptional regulation [3,4].

One of the basic features of proteins encoded by ho-
meobox-containing genes is the sequence-specific DNA
recognition by homeodomains.

Since different homeodomains can preferentially rec-
ognize distinct DNA sequences, the elucidation of the
mechanism responsible for differential DNA recogni-
tion is an important step towards the understanding of
their role.

To date only three HD-DNA complexes have been
structurally characterized by NMR or X-ray cristallo-
graphy, i.e. the complex of Antennapedia (4nip) [5],
engrailed (en) [6] and MAT a2 [7], while the solution
structure of isolated HD molecules has been published
for Antp [8,9] and MAT a2 [10].

The secondary structure of the oct-3 POU HD, ob-
tained by NMR has also been reported preliminarly
[11]. For POU homeodomains, however, the actual
DNA complex entails the simultaneous association of
an additional domain, the POU specific domain [11],
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contrary to the other HD classes that, in addition, keep
binding their DNA targets also when excised from the
entire protein.

All the known structures show the predicted helix—
turn-helix (HTH) DNA-binding motif and a similar
arrangement of DNA contacts [4,12], but the whole
complex geometry looks rather different from the one
observed with prokaryotic proteins possessing the same
HTH motif [12].

Even though a common framework emerges for the
binding of several homeodomains to DNA, structural
studies of particular complexes appear crucial to ad-
dress the issue of modulation of DNA-binding specific-
ity.

In this respect, the rat TTF-1 HD, which has a se-
quence rather divergent from the general HD consensus
[4], raises a certain interest because the first 7 residues
out of 10 of helix III, i.e. most of the putative recogni-
tion helix [4,12], are identical to the consensus sequence,
and yet the molecule exhibits preferential binding to a
DNA sequence devoid of the TAAT core stretch [2],
most commonly recognized by homeodomains [13].

Previous mutagenic investigations had shown that the
DNA-binding specificity of TTF-1 must involve also
regions outside the recognition helix and that a progres-
sive DNA-binding specificity switching is obtained
when swapping single regions of the molecule with the
corresponding portions of Antp HD [14]. These findings
were partially rationalized on structural grounds by a
homology modeling study of the DNA-bound domain
[15).

In this communication a first account is presented of
the structural characterization by high-resolution NMR
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spectroscopy of a 68-residue peptide encompassing the
rat TTF-1 HD. The complete assignment of the 500
MHz 'H NMR spectrum was achieved and, from subse-
quent interpretation of the data, the emerging structural
picture largely confirmed the results obtained by prelim-
inar homology modeling [15].

2. MATERIALS AND METHODS

The TTF-1 HD poiypeptide (68 residues corresponding to fragment
160-226 of the entire rat TTF-1 molecule [2], plus a methiony! residue
appended at the N-terminus, MW 8811 Da) was obtained from over-
expression in E. coli, strain BL21, of the corresponding DNA sequence
cloned into vector pT7.7 [16].

The construction of this vector, the bacterial growth conditions and
the extraction protocol of the polypeptide material were reported
elsewhere [2]. The purification of the crude product was achieved by
ion-exchange chromatography, adopting the same procedure as de-
scribed for Antp HD [17]. The overall final yield was 0.5-1 mg pure
protein per liter of culture.

NMR samples were prepared by dissolving the lyophilized powder
in H;O/D,0 90/10 or pure D,O (Sigma), always containing 0.15% w/v
NaN,, and adjusting the pH to 4.1 (meter reading) by micro-additions
of HClI or DCI. The protein concentration was about 5.5 mM.

'"H NMR spectra were obtained at 287 and 289 K on a Bruker
AMS500 spectrometer. Two-dimensional TOCSY [18], DQF COSY
[19] and NOESY [20] were collected in the pure phase mode, employ-
ing the TPPI procedure [21] for F1 quadrature. Mixing times (¢,,) were
selected in the range 2549 ms and 80-150 ms for TOCSY and
NOESY, respectively.

The experimental matrix dimensions were typically 2-3K points in
F2 and 500-700 points in F1 for a spectral window of 7462.7 Hz in
both dimensions. All data were processed on Silicon Graphics com-
puters using the software package FELIX (Hare Research Inc.).
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Shifted sine-bell squared resolution enhancement and zero filling were
applied prior to 2D FT, to end up with 2K x 2K real point matrices.
Chemical shifts were referred to the resonance of dioxane (3.767 ppm)
added as an internal standard to the samples. Structure modeling and
analysis were performed using the Biosym Technologies software
INSIGHT II [22] and the programs WHATIF [23] and DIANA [24].
Based on quantitation of the dipolar and scalar connectivity informa-
tion 600 meaningful upper and lower distance bounds and 27 ' angle
restraints were imposed. The standard minimization protocol of the
program DIANA was employed [24].

3. RESULTS AND DISCUSSION

Preliminary spectra of TTF-1 HD acquired at 298 K
proved poorly informative because of thermal lability
of the isolated molecule structure, as confirmed also by
independent CD studies (S. Formisano et al., in prepa-
ration),

The amount and quality of information considerably
improved on lowering the temperature by some ten de-
grees. The results presented here are from data obtained
at 287 and 289 K.

Determination of the three-dimensional structure of
a protein from NMR data requires the backbone and
side chain proton resonances to be assigned.

The procedure we followed to this aim employed both
of the two most commonly applied strategies for protein
NMR analysis, namely the sequential assignment ap-
proach [25] and the main chain directed approach [26].

Depending on whether the particular group of con-
sidered resonances exhibited favourable spectral
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Fig. 1. Amide region of the 500 MHz 'H NOESY spectrum of TTF-1 HD in H,0/D,0 (90/10) at 289 K and mixing time 80 ms. NH-NH
connectivities in the first helix (spanning residues 10-22) are labeled using the amino acid single letter code.
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Fig. 2. Synopsis of some diagnostic NOE connectivities (sequential and short range) observed for TTF-1 HD. Only qualitative information is

displayed, except for some weak connectivities (marked with w). Amide H-D exchange data from TOCSY spectra are reported using circles or

boxes for the resonances exhibiting, respectively, limited or extensive average intensity decrease after 6 h isotope exchange. Filled, shadowed and

empty symbols indicate the subsequent intensity loss extent after 11.5 h exchange (filled, minor loss; shadowed, substantial loss; empty, total loss).

Jan estimates are also provided, when available from high resolution DQF COSY data. Filled triangles indicate Jyy., =< 6 Hz, empty triangles

Jnne > 6 Hz. The secondary structure symbols correspond to: a-helix (curly line); fraying edges (weavy lines); disordered regions (straight lines);
loop (dashed line); tight turn (solid line).

spread, the former or the latter were alternatively cho-
sen. Thus, for instance, the sequence specific identifica-
tion of virtually every aromatic and valine spin systems,
as well as that of most leucines, was attained by sequen-
tial assignment, while for the amino- and carboxy-ter-
minal residues only the main chain directed approach
was really viable.

Fig. 1 illustrates amide protons sequential connectiv-
ities in the NOESY spectrum among residues 10-22
spanning the first helix of TTF-1 HD.

The achievement of complete sequence-specific as-
signment of a protein spectrum is intimately related to
the determination of the secondary structure of the mol-
ecule [25,26], a necessary piece of information to further
establish spatial relationships among different struc-
tural elements and, ultimately, define the overall three-
dimensional arrangement.

Fig. 2 provides the symbolic overview of the second-
ary organization of TTF-1 HD in aqueous solution, as
inferred from analysis of approximately 1200 NOESY
connectivities. Jyy, coupling constant estimates and
isotope exchange data are also displayed. The latter
were obtained by analysis of two consecutively acquired
TOCSY spectra (¢,=15.6 ms) on a protein sample
freshly dissolved in D,0. The residual NH-aCH cross-
peak intensities reflect the mean isotope exchange oc-
curred at 6 and 11.5 h from sample preparation.

The complete list of chemical shifts is reported in
Table I

Only the presence of diagnostic connectivities is indi-
cated in Fig. 2, the report of the corresponding quanti-
tative information being deferred to a forthcoming
paper. The general features of the secondary structure
of TTF-1 HD, however, are already evident from the
picture of Fig. 2.

Three a-helix segments can be recognized, which
span through fragments 10-22, 28-38 and 43-59. The
third helix appears flexible at the C-terminal portion,
namely between residues 52 and 59 (referred to as helix
IV for Antp HD [8,9]), as deduced from H-D exchange

data. The series of slow-exchanging amide protons, in
fact, breaks down at His-52.

Hydrogen bonds between the carbonyl oxygen of res-
idue 7 and the amide hydrogen of residue (i + 4) of
regular a-helices are usually manifested by slow isotope
exchange of the NH’s.

Some departure from this behaviour observed in Fig.
2 can be readily rationalized, for instance, for most of
the amides at the helix N-termini, where N-capping
effects [27] also compensate for the expectedly missing
H-bond capability, as well as for His-33 NH, where the
correct geometry required for hydrogen-bonding is con-
ceivably distorted by the proline residue four positions
upstream.

Instead, the fast amide exchange observed in region
52-58, in the presence of short and medium range heli-
cal connectivities and Jyg,< 6 Hz, should be ascribed
to inherent flexibility of the local structure.

A similar conclusion has been reported also for the
other comparable studies of HD solution structure per-
formed to date, i.e. Antp [8,9] and MAT a2 [10]. For
oct-3 POU HD, fraying edge effects could be invoked
because a sequence truncated at residue 60 was investi-
gated [11].

In TTF-1 HD, the mobility of the helix III terminal
tract is, in addition, independently confirmed by the
increase of the corresponding cross-peak intensities in
the fingerprint region of DQF COSY spectra.

Antiphase cross-peak cancellation, in fact, depends
on the active coupling/linewidth ratio [23,8]; therefore
a relative intensity increase is expected as linewidth de-
creases, which for NH-aCH connectivities mostly re-
flects a local increase of backbone mobility.

According to the last criterion and to isotope ex-
change data (Fig. 2), also helix II exhibits some segmen-
tal flexibility, a feature reported for MAT a2 HD [10]
but not for Antp [8,9].

Like in all homeodomains, however, the three helices
of TTF-1 HD are joined by a loop (region 23-27) and
a tight turn (region 39-42). This latter corresponds to
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Table I

Proton chemical shifts, referenced to internal dioxane (3.767 ppm). For methylene groups the presence of a single chemical shifts indicates that
only one signal could be observed. The stereospecific assignments that could be established are indicated by underlining. In this case the first
chemical shift refers to pro-R proton or group

Residue Chemical shift § (p.p.m.)

NH aH pH Others
Met-0 4.18 2.19 yCH, 2.61; ¢CH, 2.08;
Arg-1 8.83 442 1.85, 1.81 yCH, 1.68; 6CH, 3.24; eNH 7.23
Arg-2 8.60 4.34 1.82, 1.78 yCH, 1.67; 6CH, 3.23; éNH 7.23
Lys-3 8.53 4.32 1.81, 1.72 yCH, 1.48; 6CH, 1.75; ¢CH, 3.02; {NH3 7.59
Arg-4 8.48 4.32 1.79, 1.72 yCH, 1.66; 6CH, 3.23; ¢eNH 7.23
Arg-5 8.53 4.36 1.81, 1.66 yCH, 1.58; 6CH, 3.20; eNH 7.21
Val-6 8.39 4.06 2.00 YCH, 0.96, 0.88
Leu-7 8.40 4.36 1.51 yCH 1.49; 6CH, 0.91, 0.82
Phe-8 8.13 5.09 2.92,3.35 6CH 7.11; ¢CH 7.33; {CH 7.50
Ser-9 9.39 4.58 4.44, 4.02
Gin-10 9.09 4.05 2.10, 2.17 yCH, 2.49, 2.42; eNH, 7.58, 7.02
Ala-11 8.47 4.22 1.45
Gin-12 1.77 3.78 2.65, 2.58 yCH, 1.45; eNH, 7.32, 6.99
Val-13 8.41 3.20 2.09 yCH, 1.06, 1.16
Tyr-14 8.45 4.20 3.24, 3.10 6CH 7.13, ¢CH 6.81
Glu-15 7.49 4.08 1.99, 1.92 yCH, 2.58, 2.29
Leu-16 8.03 3.47 0.65, ~1.16 yCH 1.11; 6CH, 0.47, —0.53
Glu-17 8.52 3.91 2.07,1.95 yCH, 2.61, 2.32
Arg-18 8.08 3.90 1.75, 1.62 yCH, 1.56, 1.45; 6CH, 3.11, 2.97; eNH 7.48
Arg-19 7.96 4.28 2.23, 2.06 yCH, 1.86; 6CH, 3.54, 3.39; ¢éNH 7.72
Phe-20 8.88 4.70 3.05, 3.03 6CH 7.05; ¢CH 7.34; {CH 6.99
Lys-21 7.80 3.90 1.96 yCH, 1.55; 6CH, 1.75; eCH, 3.03; {NH} 7.59
Gln-22 7.32 429 2.29 yCH, 2.56, 2.44; eNH, 7.53, 6.85
Gln-23 8.62 4.48 2.07,1.97 yCH, 2.33; eNH, 7.85, 7.64
Lys-24 8.21 391 1.65, 1.43 yCH, 0.90; 6CH, 1.20, 1.03; ¢CH, 2.80, 2.70
Tyr-25 7.56 474 2.75,2.96 6CH 7.16; ¢CH 6.81
Leu-26 8.65 4.64 1.46, 1.30 yCH 0.84; 6CH, 0.46, 0.10
Ser-27 8.97 4.58 4.25, 4.03
Ala-28 9.28 4.22 1.57
Pro-29 437 2.35, 1.80 yCH, 2.12, 2.02; 6CH, 3.90, 3.81
Glu-30 7.26 4.07 2.38, 1.86 yCH, 2.23
Arg-31 8.86 3.77 1.95, 1.86 yCH, 1.59, 1.30; 6CH, 3.15; eNH 7.25
Glu-32 8.47 3.85 2.16 yCH, 2.46
His-33 8.15 4.47 3.33, 3.30 &°CH 17.39; ¢'CH 8.63
Leu-34 8.17 4.12 1.82, 1.53 yCH 1.40; 6CH, 0.96, 0.87
Ala-35 8.49 3.50 1.34
Ser-36 779 423 3.99, 4.02
Met-37 .72 412 235,215 yCH, 2.51; £CH, 1.99
Ile-38 7.55 449 2.19 yCH, 1.54, 1.04; yCH, 0.81; 6CH, 0.55
His-39 7.79 4.39 3.58, 3.35 &°CH 7.23; ¢'CH 8.62
Leu-40 8.13 4.96 1.64, 1.05 yCH 1.35; 6CH, 0.70, 0.23
Thr-41 8.91 4.92 4.81 yCH, 1.32
Pro-42 4.09 2.40 yCH, 2.21, 2.12; 6CH, 3.93
Thr-43 8.01 3.96 4.13 yCH, 1.33
Gin-44 8.09 4.12 2.69, 2.00 CH, 2.69, 2.64; ¢éNH, 7.85, 6.96
Val-45 7.79 3.63 223 yCH; 0.91, 0.89
Lys-46 8.56 429 2.33,1.84 yCH, 1.57, 1.47; 6CH, 1.56; ¢CH, 3.51, 3.26; {NH;3 7.71
le-47 8.73 3.86 2.11 yCH, 1.82, 1.34; yCH, 1.04; 6CH, 0.90
Trp-48 841 4.29 3.43, 3.63 S'CH 6.98; ¢'NH 10.07; £CH 6.92; {*CH 6.75; {*CH 5.53; n*CH 5.77
Phe-49 9.29 3.89 3.74, 3.36 6CH 7.79; ¢CH 7.53; {CH 7.10
GIn-50 8.46 3.97 231,224 yCH, 2.50, 2.44; eNH, 7.78, 6.61
Asn-51 8.77 4.46 2.56, 2.84 ONH, 7.63, 6.97
His-52 8.12 3.60 1.76, 1.44 &°CH 5.55; £'CH 7.92
Arg-53 8.32 4.22 1.81,1.74 yCH, 1.59; 6CH, 3.11; eNH 7.25
Tyr-54 7.84 4.35 3.19, 3.12 JOCH 7.15; ¢CH 6.85
Lys-55 7.75 395 1.63, 1.68 yCH, 1.28; 6CH, 1.43; eCH, 2.84, 2.32; {NH} 7.62
Met-56 7.67 4.30 2.19, 2.12 yCH, 2.69, 2.53; ¢CH, 2.13
Lys-57 7.93 424 222,185 yCH, 1.44; 5CH, 1.71; £CH, 3.03; {NH3} 7.59
Arg-58 8.13 4.22 1.84, 1.72 yCH, 1.57; 6CH, 3.13; ¢eNH 7.25
Gin-59 8.30 4.28 2.13, 2.03 yCH, 2.42; eNH, 7.61, 6.89
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Table I (Continued.)

Residue Chemical shift § (p.p.m.)
NH aH pH Others
Ala-60 8.24 428 1.44
Lys-61 8.27 425 1.86, 1.82 yCH, 1.43; 6CH, 1.70; eCH, 3.02; {NH}, 7.59
Asp-62 8.30 4,57 2.74, 2.67
Lys-63 8.25 424 1.86, 1.80 yCH, 1.45; 6CH, 1.70; eCH, 3.02; {NHj 7.59
Ala-64 8.16 4.29 1.43
Ala-65 8.27 428 141
GlIn-66 8.31 4.32 2.15, 2.03 yCH, 2.42; ¢eNH, 7.61, 6.92
Gln-67 8.09 4.16 2.15,1.97 yCH, 2.33; ¢eNH, 7.57, 6.99

the helices junction of the HTH motif occurring in many
DNA-binding proteins [12].

The N-terminal and C-terminal nonapeptides of
TTF-1 HD appear devoid of a regular secondary struc-
ture. Structural flexibility reaches its maximum in these
regions, as do the corresponding DQF COSY and
TOCSY intensities of NH-aCH connectivities. This fea-
ture emerges also from the H-D exchange rank ob-
served at the same locations (Fig. 2). For most of the
terminal residues, in fact, very weakened amide connec-
tivities are still observable, even after 11.5 h average
exchange, but with a deceptively high residual intensity
in comparison to the detectability threshold of the in-
herently weaker correlations that arise from poorly flex-
ible residues.

Along with secondary structure information, the
analysis of NOESY data also provides with evidence
congcerning the tertiary organization of TTF-1 HD. The
helix segments are observed to occurr at the same loca-
tions as in other known HD structures. This conserved
spatial arrangement involves contacts between the final
residues of helix I and the starting ones of helix II, and
between helix I and the virtual junction of helix III rigid
and mobile moieties. The last class of contacts forms the
central core of the HD structure, with a hydrophobic
cluster that includes Phe-20, Trp-48, Phe-49 and His-52.

Quantitative refinement of TTF-1 HD spectral data
is still in progress, but the experimental restraints are
already sufficient to define a structure that in the region
10-56 displays less than 1.5 A r.m.s. deviation from the
model we predicted earlier [15]. In the same region the
internal r.m.s. deviation within the best 10 structures is
1.0 A, enough to reliably define the backbone topology.

An important feature of that model was the unusual
conformation of Tyr-54 side chain [15]. Of the two most
commonly adopted (¥, ¥°) combinations, i.e. (—73°,
102°) and (180°, 77°) [28], only the latter allowed a
satisfactory contact with DNA to be established. Pro-
tein data bank conformational frequencies for tyrosines
at C-end of a-helices are, however, by far higher for g*
(x' = —60°) rotamers (70% of occurences) [28].

The experimental observations, based on the analysis
of the intervening coupling constants and NOE intensi-

ties, point to a clearly biased (61%) conformational dis-
tribution around ', = 180°.

Such a degree of experimental validation of our
model for the isolated HD increases the reliability of the
prediction result obtained for the complex [15].

Here the contacts of the recognition helix (helix III)
in the DNA major groove, and those of the N-terminal
residues, wrapping the minor groove, should impose a
defined geometry to flexible regions of homeodomains.

The flexibility of helix III C-terminal extension and
of the N-terminal arginine-rich arm could be responsi-
ble for accommodating the interactions with different
DNA sequences in TTF-1 HD, as well as in all isolated
homeodomains, but it could be largely lost in the entire
HD-containing protein. One could speculate that some
residual HD mobility might prove functionally advan-
tageous for tuning the interaction specificity, especially
in view of the strict steric requirements for successfull
HD-DNA binding. Studies are in progress to address
these issues.
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