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Most of the 'H and "N magnetic resonances of the 66 amino acid long POU homeodomain of mouse Oct-3 have been assigned by the combined

use of the two-dimensional homonuclear, and two- and three-dimensional heteronuclear NMR methods. The sequential NOE connectivities and

amide proton exchange measurements indicate the presence of three helical regions within the domain. The positions of the three helices correspond

well to those of other homeodomains, the three-dimensional structures of which have already been determined. The present NMR study provides
the first experimental evidence for the existence of a helix-turn-helix motif in the oct-3 POU homeodomain.
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1. INTRODUCTION

During the last few years it has emerged that the
DNA binding domains of most eukaryotic trans-acting
factors have common DNA binding motifs, such as
zinc-finger, helix-turn-helix, basic region-leucine zipper
(bZip), helix-loop-helix and S-sheet [1]. Homeodomains
having a helix-turn-helix motif were first found in many
homeotic gene products of Drosophila, and later in
many mammalian transcription factors, such as the
POU family. The POU family reported by Herr et al.
[2] consists of POU-specific domains (A and B domains)
in addition to a POU homeodomain. The POU homeo-
domain is thought to have similar secondary and terti-
ary structures to those of other homeodomains [3]. Al-
though other isolated homeodomains are capable of
binding to a specific DNA sequence by themselves, both
POU-specific and homeodomains are required for high-
affinity sequence-specific DNA binding.

An octamer binding factor, Oct-3, having a POU
domain as the DNA binding domain, is activated in
undifferentiated embryonal carcinoma cells but is
turned off upon differentiation [4]. It presumably regu-
lates the expression of its target genes in a positive as
well as a negative manner [5]. Imagawa et al. showed
that both POU-specific and homeodomains are essen-
tial for high-affinity sequence-specific DNA binding [6].
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We report here extensive 'H and "N magnetic reso-
nance assignments and secondary structure determina-
tion of the 66 amino acid long POU homeodomain of
Oct-3, which has an additional methionyl residue at the
N-terminus. The assignments were made by means of
two- and three-dimensional heteronuclear NMR exper-
iments, and the elucidation of the secondary structure
was based mainly on short- and medium-range NOEs,
and the H-*H exchange rates of main chain amide pro-
tons. The present data provide evidence for the presence
of a helix-turn-helix motif in this domain similar to
those found in other homeodomains [7-10]. We believe
that this is the first direct experimental evidence for the
existence of a helix-turn-helix motif in the POU homeo-
domain.

2. MATERIALS AND METHODS

2.1. Growth of bacteria and protein purification

Recombinant oct-3 POU homeodomain, which contained amino
acid residues 217-282 of mouse Oct-3 and an additional methionyl
residue at its N-terminus, was prepared with E. coli (strain BL-21)
harboring plasmid pAR2113-POU(H) [6]. The uniformly **N labeled
POU homeodomain was obtained from bacteria grown in M9 medium
with "NH,CI as the sole nitrogen source.

The protein was purified by chromatography on S-Sepharose,
FPLC mono-S, and Superdex75 (Pharmacia) columns. The protein
was more than 95% pure, as judged by SDS polyacrylamide gel elec-
trophoresis.

The samples for NMR measurements typically comprised 3.2 mM
protein in 90% H,0/10% *H,0, or in 2H,0, containing 50 mM potas-
sium phosphate, 50 mM KCl and 1 mM dithiothreitol, pH 5.2 (direct
pH meter reading).

2.2. NMR spectroscopy
NMR spectra were recorded at 30°C. Two-dimensional (2D) 'H-'H
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spectra of the unlabeled POU homeodomain were acquired with either
a JEOL GSX-500 spectrometer or a Varian Unity-600 spectrometer.
Homonuclear 2D DQF-COSY and NOESY spectra were typically
recorded using a spectral width of 6,000 Hz in both dimensions, with
256 ¢, increments of 2K complex data points. 2D 'H-'"N HSQC,
'H-'SN HSQC-NOESY and 'H-'*N HMQC-J spectra [11-14] of the
uniformly '*N-labeled POU homeodomain were recorded with a
Bruker AMX-500 spectrometer. Solvent suppression was achieved by
presaturation during the relaxation delay, or by the use of spin lock
purge pulses [15]. '°N decoupling during acquisition was achieved
using GARP-1 phase modulation [16]. All 2D spectra were recorded
in the pure absorption mode with ¢, quadrature detection achieved
using TPPI-States [17} or the procedure of States et al. [18].

Three-dimensional (3D) TOCSY-HSQC and NOESY-HSQC spec-
tra of the uniformly '*N labeled POU homeodomain were recorded
at 30°C with a Bruker AMX-500 spectrometer. The pulse sequences
used were minor modifications of those previously described by Fair-
brother et al. [19]. DIPSI-2 [20] was used for 'H isotropic mixing
in the 3D '"H-'N TOCSY-HSQC experiment. The isotropic mixing
time in the 3D 'H-"N TOCSY-HSQC experiment was 76 ms,
and the mixing time for the NOESY-HSQC experiment was 200
ms. The acquired data matrix in each 3D experiment was
128(z,) x 32(2,) x 1,024(¢;) complex points, and the spectral widths
were 6,001.7, 2,027.4 and 12,500 Hz in F,, F, and F;, respectively, for
the 3D TOCSY-HSQC experiment, and 6,001.7, 1,013.7 and 12,500
Hz in F,, F, and F;, respectively, for the 3D NOESY-HSQC experi-
ment. The spectra were recorded in the pure absorption mode using
TPPI-States [17] for quadrature detection in ¢, and z,. Solvent suppres-
sion for the 3D experiments was achieved by the use of spin lock purge
pulses [15].

The 'H chemical shifts are given relative to external DSS (2,2-
dimethyl-2-silapentane-S-sulfonate), and the '*N chemical shifts are
given relative to external 2.9 M 'SNH,Cl in 1 M HCl and 5% H,0 [21].

3. RESULTS
Almost complete assignments of the 'H and "°N reso-
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nances of the 66 residue POU homeodomain of mouse
Oct-3 (residues 217-282) with an additional methionine
residue at its N-terminal have been made using standard
procedures. Initial spin system assignments were made
on the basis of 2D homonuclear DQF-COSY and 3D
'H-*N TOCSY-HSQC spectra. Sequential assignment
of the backbone 'H and '°N resonances was completed
in the conventional manner [22] by mainly using 2D 'H-
SN HSQC-NOESY and 3D 'H-"N NOESY-HSQC
spectra to identify short-range NOEs connecting the
previously identified spin-systems. The latter spectrum,
together with the 3D 'H-'"N TOCSY-HSQC one, was
acquired using spin lock purge pulses to achieve solvent
suppression, rather than presaturation, thus ensuring
that the NH/'Ha connectivities were observed for both
"Ha resonances close to the water signal and for the
rapidly exchanging NHs. With the fairly good separa-
tion of N chemical shift dispersion in 2D 'H-'*N
HSQC-NOESY, 3D 'H-"N NOESY-HSQC and 3D
'H-"N TOCSY-HSQC spectra, the sequential reso-
nance assignment procedure was rather straightfor-
ward. Appropriate regions of the 3D NOESY-HSQC
spectrum illustrating the d y and dyy NOE connectivi-
ties are shown in Fig. 1. The side chain aromatic and
NH, groups were assigned using the 2D homonuclear
NOESY, 2D 'H-"N HSQC-NOESY and 3D 'H-"N
NOESY-HSQC spectra. The details of the chemical
shifts will be given elsewhere [23].

In order to determine the amide proton exchange
rates of individual residues, 'H-'*N HSQC spectra were
acquired after dissolution of the uniformly "N-labeled
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Fig. 1. Composite spectra consisting of strips taken from '*N planes of 3D NOESY-HSQC spectra of the ocz-3 POU homeodomain for residues
Arg"-Thr'®. The d,\(i,i+1) connectivities (a) and dyn(i,i+1) connectivities (b) are indicated by horizontal lines.
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Fig. 2. (a) Summary of the sequential NOE connectivities observed for the ocz-3 POU homeodomain. Sequential NOEs are represented by bars,

the helght of which indicates NOE intensity (strong, medium and weak). ®, amide protons with slow exchange rates; O, those with medium exchange

rates. *Jyy, coupling constants of less than 6.0 Hz are indicated by filled boxes, while those of greater than 7.0 Hz are indicated by open boxes.

(b) Diagrammatic illustration of the secondary structure determined for the 4ntennapedia homeodomain by Qian et al. [7]. The residue numbering
in (a) follows that in this reference for comparison.

POU homeodomain in *H,0. The protein was lyophil-
ized once from H,O and then dissolved in 2H,0. '"H-*N
HSQC spectra were acquired at 30°C at several time
points starting from 7 min following dissolution. Each
spectrum required 35 min acquisition time.

*June coupling constants were determined from 2D
'H-"N HMQC-J spectrum.

The pattern of sequential and medium-range NOEs,
together with the observed groupings of slow amide
proton exchange and *Jy,, are shown in Fig. 2. The
residue numbering follows the scheme introduced by
Qian et al. [7], to facilitate comparison of the oct-3 POU
homeodomain with other homeodomain proteins.

4. DISCUSSION

The pattern of sequential and medium-range NOEs
shown in Fig. 2 strongly suggests the presence of three
helical regions in the POU homeodomain of Oct-3, from
residue Gin® to Leu?., residue Leu® to GIn®’, and resi-

due Glu* to Arg®. The observation of *Jyy 44, coupling
constants of smaller than 6 Hz also provides informa-
tion concerning the boundaries of the helical regions.
This was particularly useful for determining the car-
boxyl-terminal ends of helices II and III.

The observed grouping of amide protons with slow
exchange rates is also consistent with the three helical
regions. This information was also employed for defin-
ing the amino-terminal ends of helices II and III, since
protection from the exchange generally begins at the
fourth residue of an a-helix. The exchanging behaviors
of the amide protons shown in Fig. 2 reveals that helix
I is weakly protected from hydrogen exchange, relative
to the other helical regions. This might suggest that
helix I has a more flexible backbone structure than do
helices II and III.

Another characteristic hydrogen exchange property
is seen at the carboxyl-end of helix III (residues 51-53),
where the exchange is considerably faster, although all
the d,\(i,i+3) connectivities were observed for the re-
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gion. These data suggest that the carboxyl-end of helix
III has a flexible structure or a less regular structure
than a canonical a-helix. The structure perturbation of
the carboxyl-terminal of the second helix of the helix-
turn-helix motif was also observed in the Antennapedia
homeodomain [7,24]. The solution structure of the An-
tennapedia homeodomain determined by Qian and co-
workers has a kink at residue 52 (corresponding to
Arg* in the oct-3 POU homeodomain) in the second
helix of the helix-turn-helix motif, and the carboxyl-
terminal region (residues 53-59) of the helix is exposed
to the solvent and more flexible than the amino-termi-
nal region of the helix (Fig. 2b) [7]. In their earlier paper
describing the secondary structure of Antennapedia
homeodomain [24], the carboxyl-terminal region (resi-
dues 53-59) of the helix was not identified as a helical
region. We also did not get evidence which shows the
region (residues 54-59) forms a helical structure. From
the >Jyn.n. coupling constant of Gln, it is inferred that
the carboxyl-terminal of helix III is Arg®.

The secondary structure of the oct-3 POU homeodo-
main is similar to those of Antennapedia [7}, Engrailed
[8] and yeast MATa2 [9,10]. This fact strongly suggests
that the POU homeodomain family has a common ter-
tiary structure similar to other homeodomains, as pre-
dicted by Rosenfeld [3]. Botfield et al. showed that the
isolated POU homeodomain of Oct-2 retains the same
POU homeodomain conformation within the whole
POU domain [25].

The present work demonstrates that the secondary
structure of the oct-3 POU homeodomain is similar to
those of the Antennapedia, Engrailed and yeast MATa2
homeodomains. We believe that this is the first direct
experimental evidence for the existence of a helix-turn-
helix motif in the POU homeodomain.
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