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Summary

The 'H NMR solution structure of the rat thyroid transcription factor 1 homeodomain (TTF-1 HD)
showed that the molecule folds like classical homeodomains. The C-terminal extension of helix III
(fragment 51-59) appeared to adopt a helical geometry, albeit not as rigid as the preceding portion, but
the hydrogen—deuterium exchange of backbone amides and the NOE data provided evidence of a
discontinuity between the two moieties of helix III at the highly conserved fragment Asn®'-His**~Arg>.
Analysis of quantitative measurements of isotope exchange rates allows one to recognize the general
occurrence, in that region of HD motifs, of opposite effects to helix III stability. Asparagine, histidine
and arginine residues occur most frequently at the beginning and end of protein helices. In TTF-1 HD
a local fluctuation is observed in the fragment 51-53 which either kinks or tightens the a-helix. A search
through the protein structure database reveals that the three most common variants of HD fragments
51-53 are often involved in helices and, frequently, in helix initiation or termination. For homeodomains
in general, the nature of the fragment 51-53 may be related to the conformational dynamics of their
DNA-recognition helix (helix III). Besides the specific results on fragment 51-53, the complete isotope
exchange analysis of TTF-1 HD data shows that the partially solvent-exposed recognition helix is
stabilized by hydrophobic interactions, like most of the structured regions of the molecule. Hydrophobic
stabilization of the contacting regions meets the requirements of a DNA-interaction mechanism which,
as shown with other DNA-protein complexes, should entail negative heat capacity variations due to
changes in solvent exposure of the nonpolar protein surface.

Introduction

Homeodomains are a very well-known class of DNA-
binding domains occurring in a large family of transcrip-
tional activators involved in the determination of cell
development and the specification of body plan (Gehring,
1987; Pabo and Sauer, 1992; Gehring et al., 1994b). A
number of structural studies by X-ray diffractometry
(Kissinger et al., 1990; Wolberger et al., 1991; Ceska et

*To whom correspondence should be addressed.

al., 1993; Klemm et al., 1994) and NMR spectroscopy
(Otting et al., 1988,1990; Qian et al., 1989,1993,1994; Bil-
leter et al., 1990,1993; Phillips et al., 1991; Leiting et al.,
1993; Morita et al., 1993; Viglino et al., 1993; Sivaraja et
al., 1994; Tsao et al., 1994; Cox et al., 1995) have shown
that homeodomains share a common folding pattern.
The tertiary structure of the homeodomain (HD) of the
rat thyroid transcription factor 1 (TTF-1), a 378-residue
protein responsible for transcriptional activation of genes
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Abbreviations: TTF-1, thyroid transcription factor 1; Antp, Antennapedia; ftz, fushi tarazu; LFBI/HNF1, liver factor binding 1/hepatocyte nuclei
factor 1; BPTI, bovine pancreatic trypsin inhibitor; HD, homeodomain; H-D, hydrogen—deuterium; HTH, helix-turn-helix; 2D, two-dimensional;
NOE, nuclear Overhauser enhancement; NOESY, nuclear Overhauser enhancement spectroscopy; TOCSY, total correlation spectroscopy.
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TABLE 1

HYDROGEN-DEUTERIUM EXCHANGE DATA OF TTF-1 HD BACKBONE AMIDES?

T (K)/pH*  284.0/4.02 278.7/4.13 273.4/4.02 AH (kcal/mol)
log k,,, log K, log k,,, log K, log k,,, log K, 284.0-273.4 K

Met’

Arg' >-2 >-2 >-2

Arg® >-2 >-2 >-2

Lys® >-2 >-2 >-2

Arg? >-2 >-2 >=2

Arg’ >-2 >-2 >-2

Val® >-2 >-2 >-2

Leu’ >-2 >-2 >-2

Phe® >-2 >-2 >-2

Ser’ -2.486 £0.023 0.043 £0.023 -2.686£0.032 0.218 £0.032 -3.696 £0.093 =0.199 £0.093 +8.3+2.3

Glnm >=-2 >-=2 >-2

Ala" >-2 >-2 >-2

GIn" =3.579£0.055 —0.645 £0.055 -3.875£0.162 -0.573£0.162 -3.597 £0.064 0.257 £0.064 -13.1+£0.9

Val® -3.713£0.121 -0.779£0.121 -4.331+£0.372 -1.029+£0.372 <-4.398-0.434 <-0.544-0.434 >-8.03 (10.6)

Tyr' <-4.398-0.434 <-1.262-0.434 - - <-4.398 -0.434 <-0.383-0.434 >-29.5u.e.

Glu"” -4.208 £0.146 -1.359£0.146 -3.800%0.117 -0.582+0.117 <-4.398-0.434 <-0.614-0.434 >-24.7 (9.4)

Leu' <-4.398-0.434 <-1.463-0.434 -4.318£0.361 -1.015£0.361 <-4.398-0.434 <-0.544-0.434 >-30.8 u.e.

Glu" -3.471£0.068 —0.536 £0.068 -3.573£0.157 -0.271+£0.157 -3.538+0.172 0.316+0.172 -28.6+3.5

Arg'® -3.881+£0.156 -1.032£0.156 —4.196 £0.272 -0.979+£0.272 -3.412£0.075 0.374+0.075 -474+25

Arg" -4.015%£0.116 -1.300£0.116 -3.841£0.182 —0.753£0.182 -4.135+0.199 —0.467£0.199 -27.9%2.8

Phe® -3.217£0.280 —0.324£0.280 - - - - -

Lys” -3.303£0.045 —0.410£0.045 -3.545+£0.172 -0.283+£0.172 -3.919£0.178 —0.095£0.178 -10.6+4.6

GIn* =2.724 £0.005 —0.054 £0.005 -3.010£0.012 0.031+0.012 -4.093£0.126 -0.467+0.126 +14+4

GIn* -2.103£0.010 0.702+0.010 -2.363+0.017 0.812+0.017 -3.596 £0.034 0.149+£0.034 +22.4%0.8

Lys* -2.140£0.029 0.621 £0.029 =2.498 £0.043 0.634 +£0.043 -2.965+0.035 0.743 £0.035 -4.11+£0.22

Tyr® -2.254+£0.092 0.638 £0.092 -2.214£0.099 1.048 £0.099 -2.692+0.020 1.130+£0.020 -16.4+2.4

Leu® >-2 >-2 >-2

Ser?” -2.382+0.017 0.241+£0.017 =2.700 £0.025 0.295+0.025 -3.696 £0.064 —0.114£0.064 +12.0£1.6

Ala® >-2 >-2 >-2

Pro”

Glu® -3.046 £0.023 -0.111£0.023 -3.544 £0.099 —0.242 £0.099 <-4.398 -0.434 <-0.544 -0.434 >+14.5 (14)

Arg" -3.673+£0.127 -0.377£0.127 <-4.398-0.434 <-1.179-0.434 <-4.398 -0.434 <-0.613 -0.434 >+7.60 u.e.

Glu* -3.499+£0.104 -0.830£0.104 -3.714£0.256 -0.674£0.256 - - -

His* -2.492+0.261 —0.888 £0.261 =2.139£0.722 =0.159£0.722 -3.533+£0.276 -0.935+£0.276 +1.90+£2.16

Leu* -3.227+0.035 -1.228 £0.035 - - - - -

Ala® -3.293+£0.219 -0.237+£0.219 -3.525+£0.691 -0.105£0.691 - - -

Ser* -3.311£0.037 -0.687 £0.037 -3.518£0.120 -0.524+0.120 -4.068 £0.164 —0.485%0.164 -6.7%£4.3

Met” -3.456£0.033 —0.651£0.033 -3.513£0.067 —-0.307 £0.067 <-4.398-0.434 <-0.652-0.434 >+0.180 (13)

Ile® <-4.398-0.434 <-1.342-0.434 <-4.398-0.434 <-0.979-0.434 <-4.398-0.434 <-0.450-0.434 <-299 u.e.

His® =2.118£0.025 -0.367£0.025 -2.451+0.044 —0.322 £0.044 -3.466 £0.070 -0.721£0.070 +12.0+1.5

Leu® -3.645%0.029 -1.646 £0.029 -3.676 £0.036 -1.302£0.036 <-4.398-0.434 <-1.410-0.434 >-7.81 (I13)

Thr"! -3.944£0.133 -1.321£0.133 -3.963£0.127 —0.968 £0.127 <-4.398-0.434 <-0.815-0.434 >-16.9 (10.3)

Pro*

Thr* >-2 >-2 >-2

Gln* -3.391£0.062 -0.721£0.062 -3.500£0.072 -0.458 £0.072 —4.106£0.196 -0.480£0.196 -8.0+4.4

Val® -4.265%0.320 -1.332£0.320 -3.822%0.175 -0.521£0.175 -3.790 £0.121 0.064 £0.121 -46.7+6.7

Lys* <-4.398-0.434 <-1.420-0.434 <-4.398-0.434 <-1.056-0.434 -3.703 £0.080 0.190 £0.080 <-54.1 u.e.

Ile¥ -4.187+£0.279 -1.382+£0.279 <-4.398-0.434 <-1.123-0.434 -3.432+£0.327 0.313+0.327 <=57.0 (1.8)

Trp® <-4.398-0.434 <-2.699-0.434 <-4.398-0.434 <-2.301-0.434 -3.771£0.177 -1.027£0.177 <-56.2 u.e.

Phe® <-4.398 -0.434 <-2.301-0.434 <-4.398-0.434 <-1.921-0.434 - - -

GIn® -3.990£0.194 -1.143£0.194 -3.560£0.152 —0.341£0.152 -3.246£0.073 0.539+0.073 -56.4+4.0

Asn®! =2.771£0.023 —0.194 £0.023 -3.260£0.207 -0.311+£0.207 <-4.398-0.434 <-0.854-0.434 >+22.2 (14)

His® =2.370£0.078 -1.066 £0.078 -2.201£0.102 -0.519+£0.102 <-4.398-0.434 <-2.097-0.434 >+35.0 (12)

Arg”? -3.123£0.056 -1.223£0.056 =2.793+0.077 -0.517+£0.077 <-4.398-0.434 <-1.507-0.434 >+9.88 (12)

Tyr* >-2 >-2 >-=2

Lys® >-2 >-2 >-2

Met* >-2 >-2 >-2

Lys” >-2 >-2 >-2
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TABLE 1

(continued)

T (K)/pH*  284.0/4.02 278.7/4.13 273.4/4.02 AH (kcal/mol)
log k,,, log K, log k,,, log K, log k,,, log K, 284.0-273.4 K

Arg® -3.317£0.121 -0.602+£0.121 -2.881£0.058 0.206 +£0.058 -3.122+£0.020 0.546 £ 0.020 -38.4+34

GIn® >-2 >-2 >-2

Ala® >-2 >-2 >-2

Lys® >-2 >-2 >-2

Asp® >-2 >-2 >-2

Lys® >-2 >-2 >-2

Ala® >-2 >-2 >-2

Ala® >-2 >-2 >-2

GIn® >-2 >-2 >-2

GIn® >=2 >-2 >-2

* The logarithm value of the apparent exchange rate and local destructuring equilibrium constant (kapp/min’l and K,, respectively, Eq. 3) are
reported for T =284.0, 278.7 and 273.4 K, at the indicated pH*. The enthalpy variations, calculated from the linear fit of In K, versus 1/T, in
the range 284.0-273.4 K, are also given. Only the upper limits of k,, obtained from slowly exchanging amides, were employed for estimating
the corresponding K, upper limits. When more than one available K, value for an individual NH was an upper limit, a decision on the correspon-
ding AH was taken from additional experimental data at T =273.4 K and pH* =4.07 (not listed). A dash is reported when the specific NH
connectivity was not detectable. The errors are expressed in logarithmic units for k,,, and K, and in kcal/mol for AH. Underscored error values

indicate the single-sided error band affecting the corresponding upper-limit kinetic or equilibrium constants. Italicized values in parentheses are

AH error limits and u.e. indicates undetermined AH error (see the Materials and Methods section).

expressed only in follicular thyroid cells (Guazzi et al.,
1990) and lung epithelial cells (Bohinski et al., 1994), has
recently been determined by NMR spectroscopy (Esposito
et al., 1996) and deposited in the Brookhaven Protein
Databank (code 1FTT). Like all other family members,
TTF-1 HD folds into a three-helix structural domain.
Helices I and II, which are connected by a loose loop, run
approximately antiparallel, and both are approximately
perpendicular to helix III. The latter, referred to as a
recognition helix, forms with the tight turn junction to
helix II the helix-turn-helix (HTH) motif, occurring also
in prokaryotic repressors, and is expected to contact the
major groove of the polynucleotide target (Fogolari et al.,
1993). Beyond the analogy with the general HD folding
pattern, two additional features emerged from the NMR
characterization of TTF-1 HD, concerning the helix N-
capping motifs and the stability of the recognition helix.

The presence of N-capping motifs at the helices of
TTF-1 HD is common to all homeodomains, but has
only previously been noticed for Antennapedia (Antp) HD
(Otting et al., 1988). The similarities among homeodo-
mains concerning N-capping of helices extend further,
because also the stability of helix I and helix III N-cap-
pings, opposite to the lability of that at helix II, is a
general trend amongst homeodomains. Whilst the ten-
dency to helix-capping motifs may be understood because
they increase stability and probably assist folding (Presta
and Rose, 1988; Richardson and Richardson, 1988; Bell
et al., 1992; Zhou et al., 1993), the lability of the helix II
N-capping can be related, from HD sequence covariance
analysis (Clarke, 1995), to the exclusive predominance of
the salt bridge involving residues 19 and 30, the latter
being the N3 location (Richardson and Richardson, 1988)

of helix II which is required for engaging the local cap-
ping interaction.

The structural stability of the recognition helix in iso-
lated homeodomains marks an important difference with-
in this class of molecules, namely between those homeo-
domains with a largely helical C-terminal extension of the
recognition helix and those where this region appears
heavily frayed. Typical examples of the two subclasses are
Antp (Billeter et al., 1990) and fushi tarazu (ftz) HD (Qian
et al., 1994), respectively. In spite of the increase in local
mobility, the C-terminal region of TTF-1 HD recognition
helix is still helically ordered, at variance with the highly
homologous (82%) NK-2 HD (Tsao et al., 1994). In this
respect, TTF-1 HD is similar to the more distant Antp
HD. The NOE data for TTF-1 HD are consistent with
either a kinking or tightening in the fluctuation of the a-
helix at the fragment 51-53 (Esposito et al., 1996). Nei-
ther the kink nor the tightening were reproduced in the
restrained final structures, however. In view of the in-
volvement of the fragment 50-54 in HD-DNA recogni-
tion and of the unique DNA-binding specificity of TTF-1
HD, which preferentially binds the 5-CAAG-3' core
stretch, rather than 5-TAAT-3' (Guazzi et al., 1990; Da-
mante et al., 1994a,1996), these results suggest that addi-
tional investigations are necessary to elucidate the fine de-
tails of the recognition mechanism. We have therefore ex-
tended the previous hydrogen—deuterium (H-D) exchange
studies of TTF-1 HD (Viglino et al., 1993; Esposito et al.,
1996) on a quantitative basis, over a narrow temperature
range, below that which was chosen for the structure
determination (284-287 K). The aim was to gain further
insight into local conformational dynamics through infor-
mation inferred from isotope exchange rates.
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Materials and Methods

Sample preparation and operating conditions

The polypeptide encompassing TTF-1 HD (68 residues
corresponding to fragment 160-226 of the entire rat TTF-
1 protein, plus a methionyl residue at the N-terminus
referred to as Met’, MW =8443.9 Da) was obtained as
described earlier (Guazzi et al., 1990; Viglino et al., 1993).

For the H-D exchange experiments, the protein was
first dissolved in H,O and heated for 1 h at 323 K after
pH adjustment to 4.0-4.2. The sample was then recovered
by lyophilization and redissolved in D,0 (99.9%, Sigma)
in an ice-water bath, where the solvent, the NMR tube
and the protein powder itself had been pre-equilibrated.
Measurements were quickly started and the pH* (uncor-
rected meter reading) was checked only afterwards (its
value was always approximately the same as that preset
in H,0). Preliminary additions of NaN, to the solvent
(0.2-0.5% weight/volume) were always performed to pre-
serve the protein, whose concentration was approximately
5.5 mM.

"H NMR spectra were collected at 500.13 MHz on a
Bruker AMS500 spectrometer. The actual probe tempera-
ture was carefully determined (accuracy 0.2 K) from
resonance separation of methanol.

All 2D spectra were acquired in pure-phase mode using
time-proportional phase incrementation for t, quadrature
(Marion and Wiithrich, 1983). Processing was performed
with Felix software (Biosym Technologies, San Diego,
CA, U.S.A.). To avoid introduction of a baseline offset
in F1, 2D experiments were acquired with appropriate
shifting of the first data point (Bax et al., 1991). During
processing, linear prediction was applied from this point
to back-reconstruct the missing point (Marion and Bax,
1989). Baseline flatness was optimized in the t, domain by
appropriate setting of the pre-acquisition delay and ana-
log filter level, and by a ninth-order polynomial baseline
correction during processing. Prior to processing, data
were multiplied by 90°-shifted sine-squared bell window
functions and zero-filled in both dimensions to end up
with data matrix sizes of 2048 x 2048 real points.

H-D isotope exchange measurements

The time-course of the NH-aH connectivities was
monitored in three series of clean-TOCSY (Griesinger et
al., 1988) experiments, which were collected at computer-
controlled time intervals within the first 20 h from sample
preparation at 273.4, 278.7 and 284.0 K, with pH* =4.07,
4.13 and 4.02, respectively.

All spectra were acquired with 1024 data points in t,
and 256 t, increments (eight transients plus two dummy
scans per increment) over a sweep width of 7042 Hz in
both dimensions, and with the same recycling time (1 s)
and isotropic mixing (15.8 ms at yB,/21t=12.5 kHz), to
ensure a constant sampling time within each series and,

as far as possible, throughout all series (59.6 min/experi-
ment). An invariant data processing protocol was also
employed (see above) before quantitation of the NH-aH
connectivity amplitudes, whose time-course was analysed
by means of an exponential fitting routine to evaluate the
apparent kinetic constant of the isotope exchange reaction
(see below).

H-D exchange is not negligible during the measuring
time, but since it takes place at constant conditions dur-
ing either measuring and waiting intervals we can write
(Wagner and Wiithrich, 1982)

I(t) = et %]

trec |-kt

dt =T,e™™ D@(—Il (e7ktre —1)5 (1)

0 rec rec

where k is the kinetic constant, t,, is the elapsed time from
sample preparation to starting of the experiment, t, is
the experiment recording time, and I, and I(t) are the
initial and time-dependent amplitudes of the connectivi-
ties. Since the right-hand bracketed factor of Eq. 1 is
constant because all recordings have the same duration,
the experimental amplitudes can be fitted by

I(t) =1,Ce ™ (2)

where

- 0
= Ktree —]
C 5 trec (e ) E

The experimental measurement conditions set limits for
the measurable kinetic constants. We estimate an upper
limit of 1 x 10~ min™" and a lower limit of 4 x 10 min™,
provided that 5% residual or differential intensity, with
respect to the first sampled intensity figure, can be de-
tected for the third point (~240 min of exchange) or the
last point (~1200 min of exchange), respectively. The
experimental uncertainty in the measured intensities also
determines the errors in the apparent exchange constants
(Table 1), which in turn affect the values of K, and AH.
Since no error estimation is available for the k,,, constants
(Eq. 3), only a lower-error-limit estimate is possible for
each K, by imposing AK, :Akapp/min'l. The Ak,,, values
are the uncertainties affecting the corresponding fitting
parameter of the experimental intensity exponential de-
cay. A Ak,,, (=AK, min™) =-4 x 107 min™' was assumed
when only upper-limit k,,, values could be measured (cor-
responding to a —100% error, with a single-sided flat dis-
tribution). The listed AH errors (Table 1) were computed
from the average slope uncertainty of van ’t Hoff plots.
No meaningful AH error estimation could be obtained
when two or more upper-limit K, constants were involved,
whilst an upper-limit value of AAH was computed anyway
(and reported in italics in Table 1) when only one, out of
three intervening K, values, was an upper limit.



Results

Dissecting the isotope exchange process of amide hydrogens

Previously reported hydrogen—deuterium (H-D) isotope
exchange data (Viglino et al., 1993) had been obtained
from NH-aH cross peaks of two TOCSY spectra that
were recorded sequentially, immediately after dissolving
the Iyophilized protein sample in D,O at 287 K and pH* =
4.02. Since the measured amplitudes reflected the average
exchange that had occurred throughout each experiment
(approximately 6 and 11.5 h after dissolving), we could
broadly classify the amide hydrogens into classes, depend-
ing on the extent of intensity loss (limited or extensive)
during the first experiment and on the further loss (minor,
substantial or total) after 11.5 h of D,O exposure. The
qualitative picture that was obtained has been confirmed
by the quantitative determinations of the amide exchange
rates we present here.

Exponential fitting of the time-course of the clean-
TOCSY NH-aH cross-peak amplitudes in H-D exchange
experiments provides the apparent kinetic constants (k)
for isotope exchange of the individual backbone amide
protons. These k,,, values at 284 K have already been
employed to draw the qualitative classification into fast,
medium and slow exchanging amides that was presented
with the tertiary structure determination (Esposito et al.,
1996). The whole set of data obtained from experiments
that were performed in the range 273.4-284.0 K is report-
ed in Table 1.

The isotope exchange process undergone by backbone
amide hydrogens when a protein is dissolved in D,O can
be summarized by

NH, hhi'[r NH, 0™ - ND, [3 - ND,
Kop
where the subscripts n and o denote the native (closed)
and open conformations, and k,,, k, and k;, denote the
kinetic constants for the opening, closmg and isotope
exchange steps, respectively.

When far from denaturing conditions (i.e. when k,, <
k), if k, >k, the apparent kinetic constant of the re-
sulting exchange process (EX2) can be written as (Hvidt
and Nielsen, 1966)

kO

kaPP g k . x kim :Kl X kint (3)
which allows one to extract the local destructuring equi-
librium constant K, (= k,/k,) from the experimentally
determined k,,, values (Wagner et al., 1984), once the
intrinsic exchange kinetic constants (k,,) are evaluated
(Molday et al., 1972). The calculation of the reference k;,
value was performed based on the equation for specific
acid, specific base and water catalysis (Englander and
Kallenbach, 1984):

k,, =ka[D

mt

cl

T+k,[OD] +k, (4)
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by using the recently redetermined values of the kinetic
constants k,, k; and k,, (Jeng and Englander, 1991), [D*]=
10" and [OD7] = 10P*p20"" Appropriate corrections
for each experimental temperature were applied to the
specific catalysis constants of Eq. 4 and to pK ,0» Tespect-
ively, by using AE% =14 kcal/mol, AE;=17.5 kcal/mol and
AE! =21 kcal/mol (1 cal=4.184 J) (Englander and Kallen-
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Fig. 1. Kinetic and thermodynamic parameters from isotope exchange
analysis of TTF-1 HD backbone amides. The entire data set is listed
in Table 1, where explicit indication about the nature of the upper or
lower limit of the reported parameters is provided, along with the
corresponding errors. (a) Apparent exchange rates (Eq. 3) versus
residue number. Interpolation segments are not drawn between resi-
dues separated by proline residues. (b) Local destructuring equilibrium
constants versus residue number evaluated from data in (a) according
to Eq. 3. Broken segments join the calculated values when one or
more consecutive points are not available. (c) AH of the local destruc-
turing process versus residue number from the linear fit of van ’t Hoff
curves. As in (b), broken segments are drawn when gaps occur in the
available data set.



402

45 50 55 60 65

PTQ VKIWFQNHRYKMKRQAKDK AAQQ
ai—=Ni+1 Bl aeee f efeac BB EEEEEREEER
Bi—Ni+1 mEm BEl N el e fm e EEm B EmEBEEB
Ni—Ni+1 EEm EmEEEEN ENREE R -
ai—fiss EEEEEECEN =« mBE
ai—Ni3 mm HEl memem Em m [
H-D exch. OO0 0000 003> 0 OO0 OO OOOODOOOO
Structure nNNNNNNNNANNNNNNNNNNNNNN ==============
JINH-a A A A A A A A AA AAAANAAAALNAANAANLNA

Fig. 2. Summary of the relevant secondary structure diagnostic NOEs observed for the recognition helix of TTF-1 HD. The relative strength of
the various types of NOE:s is indicated by the size of the filled boxes in correspondence of the amino acid sequence given at the top of the diagram.
For this purpose, NOEs were classified as strong (upper distance bound <3 A), medium (3 A <upper distance bound <3.5 A) and weak (upper
distance bound 3.5 A). Shadowed boxes indicate connectivities that could not be safely integrated because of partial overlap. Backbone amide
exchange data are reported according to the corresponding apparent exchange rate (k,,,) measured at 284 K (Table 1), i.e. k,,, <1 x 107 min™',

APp-
filled circle; 1 x 10~ min™ <k, <1x 107 min™', shadowed circle; k,,, = 1 x 107 min™', empty circle. Jyy, estimates are provided when available

app —
(Esposito et al., 1996). A filled triangle indicates Jy;, <6 Hz, an empty triangle Jyy, 2 6 Hz. The secondary structure symbols correspond to:

disordered region (straight lines), fraying edge (weavy lines), a-helix (curly line).

bach, 1984; Jeng and Englander, 1991) in the empirical the regular helical regions. In addition to the sharply high

extension of the van ’t Hoff equation, and the relation- values at the terminal region of helix III (on which we
ship (Covington et al., 1966) will comment in the Discussion section), the K, constants
exhibit, in general, significantly higher values than the

PKp,0 =4913T™"' -7.60 +0.02009T corresponding quantities reported for the helical regions

of a typical globular protein like BPTI (Wagner et al.,

where T is the absolute temperature. The sequence-specific 1984). Whilst this result is the expected consequence of a
corrections (Molday et al., 1972) were then added to the large thermal stability difference between the two pro-
sets of k, and kg values and the individual k;, values for teins, the divergence appears more interesting when the
each amide location were calculated at the different ex- effect of temperature on local fluctuations is considered.
perimental temperatures. By this procedure, the sequence- van 't Hoff plots of In K, versus 1/T proved almost sys-
specific corrections were assumed to be independent of tematically nonlinear. Since a larger number of experi-
the temperature and the constant for catalysis by water mental points would be necessary to demonstrate soundly
(k,,) was considered independent of the sequence-specific the nonlinearity of van 't Hoff curves, only an analysis
acid correction because the experimental pH* values were based on linear fit is rigorously viable, also in view of the
not extremely low (Jeng and Englander, 1991). narrow temperature range that was experimentally ex-
The equilibrium constants for local destructuring (K,), plored. The results are given in Table 1 and plotted in
as recovered from the experimental k,,, values (Eq. 3), are Fig. 1c as AH for the local destructuring equilibrium
reported in Table 1. Overall thermal unfolding of TTF-1 versus residue number. The observed trend shows a clear
HD should be negligible in the range 273.4-284.0 K, i.e. predominance of negative AH values along the sequence
below 1% (Damante et al., 1994b), which supports the as- of TTF-1 HD. Since, in the experimental temperature
sumption of an EX2 exchange regime (Hvidt and Nielsen, range, local destructuring fluctuations should most likely
1966), involving, by definition, only local opening events. report only short-range elementary processes, at variance
Figure 1 displays the apparent exchange rates (a) and with the overall unfolding transition (Hvidt and Nielsen,
the local destructuring equilibrium constants (b) obtained 1966; Englander and Kallenbach, 1984), these negative
at 284.0 K. Two features are immediately evident from AH values suggest that the individual secondary structure

these plots: (i) a substantial analogy between the trends of elements of TTF-1 HD are stabilized mainly by hydro-
k,,, and K;; these trends closely reflect the secondary phobic interactions (Pratt and Chandler, 1977; Tanford,

app

structure of the molecule, although a sort of smoothing 1980; Wagner et al., 1984). Although experimental data
appears to reduce the excursion span in the K, curve; and are not available for the whole sequence because of de-
(i1) in many locations the local closed conformation does tectability problems that were encountered at the lowest

not appear strongly favoured over the open one, even in temperature, the helical segments of the molecule appear



in the regions which benefit most, albeit to different ex-
tents, from hydrophobic stabilization, as opposed to the
loop and turn segments. Rather than lacking hydrophobic
stabilization, the latter regions, however, may be regarded
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as fragments where hydrophobic and hydrophilic interac-
tions nearly balance each other or even as being poorly
stabilized by hydrophilic and van der Waals interactions
(Wagner et al., 1984).

=2 F20(-M56Y

3.0

T
3.5
Fy (ppm)

Fy (ppm)

Fo (ppm)

Fig. 3. Specific regions of the 2D NOESY (Jeener et al., 1979) spectrum of TTF-1 HD showing (a) the long-range contacts of Met*® and Arg™
to Phe” and (b) some relevant a-NH,,, and a,-NH,,, connectivities at the start of the C-terminal extension of helix III. The dashed box region
in (b) is shown at a higher contour level. Amino acid single-letter code is employed. The plots are taken from a 500 MHz spectrum with t_, =149.9
ms. The same NOEs were also observed at lower mixing times and in NOESY spectra taken at 600 MHz (t,, =40 and 60 ms) with a Bruker AMX

spectrometer.
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Discussion and Conclusions

Interpreting the extension of the recognition helix

According to Qian et al. (1994), the persistence of a
helical structure in the C-terminal region of the recogni-
tion helix of isolated homeodomains requires a bulky
hydrophobic residue at position 56, which establishes
packing interactions with the molecular core. This is why
sequences like f7z (Qian et al., 1994), oct-3 POU (Morita
et al., 1993) and NK-2 HD (Tsao et al., 1994), with Ser,
Gly and Thr, respectively, at position 56, lack the C-end
extension of the recognition helix. Tsao and co-workers
(1994) propose that the bulky hydrophobic side-chain of
residue 56 should be necessary only to balance the un-
favourable solvent exposure of an additional hydrophobic
amino acid at position 54. However, when residues 54
and 56 are both hydrophilic, helix III may either elon-
gate, as in the isolated a2 HD (Phillips et al., 1991) (with
Arg and Glu at 54 and 56, respectively), or break at
residue 53, as in oct-2 (Sivaraja et al., 1994) and oct-1
POU HD (Cox et al., 1995) (both with GIn and Glu at 54
and 56, respectively).

Side-chain interactions therefore seem to play a crucial
role for stability of the C-terminal segment of helix III.
This peptide stretch, in fact, protrudes from the bulk of the
three-helix motif into the solvent only in isolated homeo-
domains. In the HD-DNA complex, it contributes to the
recognition and binding by entering into the major groove,
even when it is poorly structured in the isolated homeo-
domain, as is observed with oct-I POU (Klemm et al.,
1994; Cox et al., 1995) and NK-2 HD (Tsao et al., 1994).

For TTF-1 HD, where bulky hydrophobic residues
occur at both positions 54 and 56, the average number of
connectivities per residue in the fragment 51-59 is smaller
than that of other structured regions of the molecule
(Esposito et al., 1996), and the difference is mostly due to
the lack of interresidue side-chain NOEs. The observed
interresidue NOE contacts for the fragment 51-59 include
only connectivities of backbone and -hydrogens, in addi-
tion to the long-range contacts of Arg® and Met®* to
Phe®. A summary diagram of the main-chain NOEs and
other relevant NMR evidence, observed for the recogni-
tion helix of TTF-1 HD, is given in Fig. 2. Besides the
NOE:s reported in this figure and the long-range ones of
Fig. 3a, two additional contacts are worth mentioning,
namely Asn’’aH-Lys”NH and His”aH-Tyr**NH (Fig.
3b), which are both extremely weak and consistent with
an o-helix as are those of Fig. 2. Only rarely, however,
did we observe the a;-NH,,, connectivity type in a-helical
regions of TTF-1 HD, and the detection of such contact
in a supposedly not very rigid fragment of the molecule
was rather surprising. The separation o-NH,,, is larger
than a,-NH,,, in regular a-helices and becomes sensibly
smaller only in 3 -helices, where, conversely, the o,-NH,,,
distance is too long (>5 A; 1 A =0.1 nm) for the corre-
sponding connectivity to be detected in NOESY spectra
under ordinary conditions (Wiithrich, 1986).

These observations, along with evidence obtained from
the initial isotope exchange determinations (Fig. 2), sug-
gested that some small-amplitude local motion should
take place in correspondence of residues 51, 52 and 53,
which may either kink the C-terminal extension with

In(K)

-6 = \

3.50x10° 3.55x10°

3.60x10° 3.65x10°

UT (KDY

Fig. 4. van 't Hoff plot for local opening equilibrium in the C-terminal extension and other representative positions of the recognition helix of
TTF-1 HD. Solid lines and symbols refer to Asn®' (circles), His™ (triangles) and Arg* (squares). Dashed lines and empty symbols refer to Ile*’
(squares), GIn* (circles) and Arg®® (triangles). Uncapped, single-sided error bars are drawn when K, is obtained from the corresponding upper-limit

value of k,, (see text and Table 1).



respect to the preceding portion of helix III or slightly
elongate the whole helix III by tightening of the local
geometry into a 3,,-helix. A knowledge of the local de-
structuring equilibrium constants (K;) may provide clues
to the actual structure dynamics, and an inspection of
Table 1 shows a very interesting trend along the whole of
helix III. The K, values, in fact, decrease with increasing
temperature up to GIn*. At Asn® this trend is totally
reversed, whilst at His*> and Arg™ the reversal is only
partial. At Arg® the original behaviour is eventually
restored (Fig. 4). These results indicate that fluctuations
leading to local structure opening are preferentially bal-
anced by hydrophobic interactions along the whole helix
111, including the C-terminal extension, except for Asn®
where hydrophobic interactions appear to have been
nearly overcome at the temperature conditions of the
NOESY spectra. By further temperature increase, the
dominant process is no longer the local opening equilib-
rium but rather a concerted opening, as suggested by the
H-D exchange results at 287 K (Viglino et al., 1993).
Below 278 K, however, hydrophobic interactions become
less effective over the entire fragment 51-53. The rele-
vance of hydrophobic interactions in stabilizing TTF-1
HD structure has already been pointed out when discuss-
ing H-D exchange data (Fig. 1¢). Since in isolated TTF-1
HD and any isolated HD, the C-terminal extension of
helix III leans out of the molecular core into the solvent,
a residual stabilization must be operative, at least up to
Arg®, if the typical helix connectivities are preserved and
the backbone amide of the latter residue is exchange-
protected. In addition to the packing with the structure
core mediated by residue 56 (Fig. 3a), further stabilization
should also arise from local transient interactions among
the bulky side-chains of the fragment 54-59. Favourable
packing interactions with the molecular core should be
much more direct for residues 51, 52 and 53, but the
behaviour of Asn®', in spite of its closeness to the core,
suggests that this invariant residue, together with the
nearly invariant Arg” (occurrence >99%) (Gehring et al.,
1994a) and with His*, must represent a group of strictly
conserved conformation determinants, probably the rem-
nant of a common ancestor evolved from prokaryotic
HTH motifs. A statistical survey on protein helices con-
firms that these three types of residues prevalently occur
at helix termini (Richardson and Richardson, 1988), but
while His and Arg exhibit large frequencies (>3 standard
deviations) at C-ends, Asn occurs most commonly at the
N-cap position. The consequences induced by Asn’' are
a loosening of the helix and an associated break of stabil-
izing cooperativity of the H-bond network. The side-chain
hydrophobic interactions of the subsequent dipeptide
should partially suppress these effects and assist a gradual
restoration of the helix order. In TTF-1 HD this recovery
is parallel to the progressive decrease of the K, constants
along the tripeptide segment 51-53. At the extremely
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TABLE 2

SECONDARY STRUCTURE ADOPTED IN NON-HOMEO-
DOMAIN SEQUENCES BY THE MOST COMMON FRAG-
MENTS 51-53 OF HOMEODOMAIN MOTIFS*

Sequence® a-Helix* a-Helix Others®
initiation/termination®
AsnHisArg' 0 3 2
AsnLysArg® 3 6 2
AsnArgArg" 5 3 6

* Secondary structure classification according to Kabsch and Sander
(1983).

® The structures where the listed sequences occur are named by using
the Brookhaven Protein Databank code.

¢ Only when the a-helix extends over the four preceding and the four
subsequent residues.

4 Only when the a-helix breaks or starts in the fragment or within the
subsequent four residues. A termination/initiation entails transition
from/to a-helix to/from any other geometry, including 3,,-helix.

¢ H-bonded turns, bends, extended and unclassified secondary struc-
ture.

' Occurring in: 1EFG, 1TAD, 2BOP, 4RHV, S8ACN.

¢ Occurring in: IBMT, 1CPC, 1DHR, 1DHX, 1GKY, IHAR, 1HPM,
IHYM, IMIN, 2HPD, 1TCT.

" Occurring in: 1AAK, 1AOZ, 1APL, 1FBA, 1GTR, 1HRT, ILIS,
IMYP, ITPK, IWHT, 2BBV, 2STV, 2TBV, 3GLY.

! Including a transition from turn into 3,,-helix.

conserved Arg” a firmer link to the previous helix, as-
sisted by the contact to the Phe® ring (Fig. 3a), can be
restored most likely via an H-bond of the same Arg™
backbone amide to GIn*CO, as judged from the i-i+2
interaction between His*> and Tyr™.

The loss of H-bond cooperativity at Asn’', coupled to
the small-amplitude fluctuations within the stretch 51-53
and to local shift of the helix H-bond register at Arg®, is
responsible for the displacement of the subsequent helix
NH vector directions from their optimal positions for H-
bond formation and, as a consequence, for the observed
fast exchange of the backbone amides of the segment
54-57. The slow-exchange response of Arg”*NH confirms
this pattern because the first carbonyl capable of estab-
lishing an H-bond with it (Tyr**CO) lies outside the stretch
51-53.

Irrespective of the geometry adopted at the fragment
51-53 and of the persistence of a helical folding at the C-
terminal region of helix III in isolated homeodomains,
relating the nearly absolute invariance of Asn® and Arg™
to the conformational effects they should be able to im-
part suggests that a conformation-determinant fragment
is universally present in an HD recognition helix.

This interpretation can be tested further by an examin-
ation of the protein structure database. A search over a
representative collection (1322 sequences), compiled ac-
cording to structure uniqueness criteria (Hobohm and
Sander, 1995), shows that the tripeptides AsnHisArg,
AsnLysArg and AsnArgArg, which respectively account
for 3.6, 5.7 and 87.8% of occurrences at locations 51-52-
53 of HD sequences (Gehring et al., 1994a), are shared by
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30 structures other than HD motifs (Table 2). Apart
from 10 sequences where the fragments are found in H-
bonded turns, bends, extended or even unclassified sec-
ondary structure elements (Kabsch and Sander, 1983),
in the remaining 20 structures the three stretches are
either involved in a-helices (eight structures) or in their
initiation/termination via transition into 3,,-helix or
turn geometry (12 structures). The observation of helix
initiation/termination is more frequent with AsnHisArg
and AsnLysArg, but a significant occurrence of the
feature can be appreciated also for AsnArgArg (Table
2), i.e. the HD consensus residues for positions 51, 52
and 53.

Functional implications and concluding remarks

The tertiary structure of TTF-1 HD matches the gen-
eral folding pattern of isolated homeodomains (Esposito
et al., 1996). Yet the DNA-binding specificity of TTF-1
HD (like for all other members of the NK-2 subfamily)
is unusual (Guazzi et al., 1990).

Perhaps the most interesting results of the present
investigation come from the attempt to delineate the
conformational dynamics of the C-terminal extension of
helix III, i.e. the recognition helix which engages most of
the interactions with the major groove of the DNA oper-
ator (Gehring, 1987; Pabo and Sauer, 1992; Gehring et
al., 1994b).

We suggest that in TTF-1 HD, helix III undergoes a
local fluctuation of the tripeptide 51-53 which breaks the
continuity with the flanking helical segments. Similar
breaks of helix III continuity have also been described for
Antp (Billeter et al., 1990), LFBI/HNF1 (Leiting et al.,
1993) and a2 HD (Phillips et al., 1991), whilst for fzz
(Qian et al., 1994), NK-2 (Tsao et al., 1994), oct-3 POU
(Morita et al., 1993), oct-2 POU (Sivaraja et al., 1994)
and oct-1 POU HD (Cox et al., 1995) the helical order
appeared spoiled next to residue 50 because of poor pack-
ing with the molecular core.

Independent of the adopted arrangement, a general
conclusion, which may hold true for all homeodomains,
is the presence of a conformation determinant at the
fragment 51-53 of the recognition helix. The occurrence
of such an arrangement might be related to the fine-tun-
ing of the recognition process and/or to fundamentally
distinct prokaryotic (i.e. repressor-like) and eukaryotic
(i.e. homeodomain-like) DNA-binding modes (Xu et al.,
1995; Damante et al., 1996).

On the other hand, the structural data available on
canonical HD-DNA complexes (Kissinger et al., 1990;
Wolberger et al., 1991; Billeter et al., 1993; Klemm et al.,
1994; Tsao et al., 1994) invariably show that a single
elongated helix III docks into the major groove. Thus, a
possible functional role for the conformational mobility
of the recognition helix as observed in isolated homeo-
domains should be addressed.

Evidence that multiple conformational options of pro-
teins are relevant to their DNA binding comes from the
recent thermodynamic study of Spolar and Record (1994).
Extensive scrutiny of the available data demonstrates that
site-specific protein-DNA recognition entails a large nega-
tive heat capacity change (AC,). Analysis of these AC,
values and of AS values for protein-DNA complexation
indicates that binding is coupled to local conformational
changes, most prevalent on the protein which undergoes
a sort of induced-fit transition. The protein’s negative AC,
is then the thermodynamic signature of the induced-fit
mechanism which arises mainly by changes in the expo-
sure to water of the nonpolar protein surface (Spolar and
Record, 1994).

Since preliminary results suggest that TTF-1 HD, like
the highly homologous NK-2 HD (Tsao et al., 1994),
undergoes a substantial stabilization upon DNA binding,
the NMR evidence presented in Fig. 1c shows that this
homeodomain meets the requirements involved by the
induced-fit model. The stabilization of most of the struc-
tural elements of the molecule, and in particular of the
recognition helix (Figs. 1c and 4), is hydrophobic in nature
and, without any doubt, DNA binding reduces the sol-
vent-accessible surface area. Our H-D exchange deter-
minations do not enable a rigorous conclusion to be
drawn about the possible presence of negative AC, values
for local conformational stabilization because only three
temperature data sets were available. Therefore, the non-
linearity of van 't Hoff plots was ignored when determin-
ing the AH values for local destructuring equilibria. Never-
theless, negative AH values, suggesting local hydrophobic
stabilization, were obtained for most of the residues in
TTF-1 HD (Fig. 1c), which could then be considered as
necessary (but not sufficient) conditions required by an
induced-fit process upon DNA binding. In assessing the
conformational stability of the extension of helix III,
however, we superseded the previous interpretation policy
due to the local trend of the systematic deviations from
linearity (Fig. 4). It is tempting to notice that the result-
ing picture adheres very well to the induced-fit model in
a region where crucial conformational changes are ex-
pected upon complexation (e.g. local helix rearrangement
and shift in the rotamer distribution of Tyr**) (Fogolari
et al., 1993; Esposito et al., 1996). If an analogous re-
leased criterion were applied extensively, the data of Table
1 would definitely demonstrate the possibility of negative
AC, for the conformational stabilization of TTF-1 HD.
Direct isotope exchange measurements on the TTF-1 HD-
DNA complex will anyway be necessary to confirm the
induced-fit model, i.e. to determine whether burial of
hydrophobic surfaces balances the unfavourable contribu-
tions to the binding entropy, mostly due to the loss of
local conformational freedom on association-coupled
adjustments of the homeodomain structure (Sivaraja et
al., 1994; Spolar and Record, 1994).
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