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Pax-8 is a transcription factor belonging to the PAX genes
superfamily and its crucial role has been proven both in embryo
and in the adult organism.Pax-8 activity is regulated via a redox-
based mechanism centered on the glutathionylation of specific
cysteines in the N-terminal region (Cys45 and Cys57). These res-
idues belong to a highly evolutionary conserved DNA binding
site: the Paired Box (Prd) domain. Crystallographic protein-
DNA complexes of the homologues Pax-6 and Pax-5 showed a
bipartite Prd domain consisting of two helix-turn-helix (HTH)
motifs separated by an extended linker region. Here, by means
of nuclear magnetic resonance, we show for the first time that
the HTH motifs are largely defined in the unbound Pax-8 Prd
domain.Our findings contrastwith previous induced fitmodels,
in which Pax-8 is supposed to largely fold upon DNA binding.
Importantly, our data provide the structural basis for the
enhanced chemical reactivity of residues Cys45 and Cys57 and
explain clinical missense mutations that are not obviously
related to the DNA binding interface of the paired box domain.
Finally, sequence conservation suggests that our findings could
be a general feature of the Pax family transcription factors.

Pax-8 is an important eukaryotic transcription factor that is
responsible, during embryogenesis, for the differentiation of
several organs such as kidney, thyroid, and neural tube. Pax-8 is
also essential in the adult organism, where it activates thyroid
hormone production.During development, Pax-8 functionality
is regulated by alternative splicing, generating isoforms that
exhibit different transactivation properties but maintain unal-

tered the DNA binding domain (1, 2). In mature thyroid follic-
ular cells, the complete Pax-8 splicing isoform regulates the
expression of thyroglobulin, thyroperoxidase (3, 4), sodium/
iodide symporter, and thyrotropin receptor genes (5–7). Pax-8
activity is co-regulated by thyroid transcription factor-1, thy-
roid transcription factor-2, andHex, indicating an active role in
the early commitment and differentiation of thyrocytes (8, 9).
The Pax family shares a bipartite functionality consisting of a
N-terminal binding region and a C-terminal transactivation
region.
The N-terminal region is usually comprised of three

domains, namely a Paired Box (Prd) domain, a conserved
octapeptide, and a further homeodomain (see Fig. 1). Differ-
ences in conservation and functionality in these domains have
been used as evolution markers for the Pax family (10), which
has been subdivided into four groups according to the sequence
homology in the N-terminal region. In particular, the N-termi-
nal region of Pax-8 is composed by all three domains but pre-
sents an incomplete and inactive homeodomain. The Prd
domain consists of a well conserved 128-residue-long region,
formed by two distinct subdomains known in literature as PAI
(N-terminal) and RED (C-terminal) (11).
DNA binding studies have demonstrated that the two sub-

domains of the Pax-8 Prd domain bind DNA independently
(12), are both required for proper promoter activation (13), and
that binding is redox state dependent (14, 15). Although both
subdomains contain cysteine residues, it was demonstrated
both in vivo and in vitro that PAI subdomain DNA-binding
activity depends on a reducing environment, whereas RED sub-
domain binding activity does not (16). Recently, the conserved
PAI cysteines (Cys45 and Cys57), which are predicted to be in
the DNA binding interface, were shown to be sensitive to oxi-
dation by glutathionylation, whereas reduction by APE1/Ref-1
restores Pax-8 functionality.
The structures of three homologues of Pax-8 Prd domain

have been characterized using x-ray diffraction techniques, in
co-crystallization with their consensus DNA: the Drosophila
(17), Pax-6 (18), and Pax-5 (19) Prd domains. For all the homo-
logues, both subdomains are folded as helix-turn-helix (HTH)2
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motifs connected by an extended linker region when bound to
DNA.TheN-terminal subdomain is preceded by anN-terminal
�-hairpin that contacts DNA in the minor groove. With the
exception of the Drosophila Prd domain, all the Prd homo-
logues contact DNA both with the N- and C-terminal subdo-
mains (12).
Several missense mutations involving Pax-8 Prd are associ-

ated with thyroid dysgenesis, which leads to congenital hypo-
thyroidism (20–22). As a resulting phenotype, the thyroid is
misplaced, severely reduced in size or totally absent. Most of
these mutations are located in the N-terminal subdomain
where a splicing variant has also been found (23), although only
one mutation in the RED subdomain (20) has been character-
ized. Mutations in the Pax-8 Prd domain are also associated to
Wilms’ tumor (1). Interestingly, not all the affected residues are
part of the predicted DNA binding surface (24–26), suggesting
that these mutants could affect folding of the Prd domain.
In contrast to the DNA bound state of the Prd domains, the

structure of the unbound state is still unknown. Early attempts
using circular dichroism (CD) spectroscopy and classical
homonuclear NMR approaches suggested that the free Prd
domain is largely unstructured (27). Using CD spectroscopy,
studies of the structure of the Pax-8 Prd domain under oxidiz-
ing and reducing conditions concluded that the free domain has
a low �-helical content (�19% at 277 K) that increases upon
DNA binding (13). Interestingly, the unbound and isolated PAI
and RED subdomains also maintain a basal, low �-helical
content.
In summary, these experiments suggested a lack of secondary

and tertiary organization of the free domain in solution. How-
ever, the C-terminal subdomain of the Drosophila Prd domain
is not bound to the DNA, but is nonetheless structured (18).
This observation, together with the activity of Cys45 and Cys57
in the free protein, raises questions about the nature of the
unbound state and justifies further research.
Here, we investigate the unbound state of the Pax-8 Prd

domain using high resolution heteronuclear NMR, providing
the first detailed characterization of a free Prd domain. Based

on NOE and chemical shift data, we show that the two subdo-
mains have a well defined secondary structure and a defined
tertiary HTH-fold. Our data indicate that the two subdomains
behave as independent “beads” on an otherwise flexible
“string.”
Our data show that the conserved cysteines in the N-termi-

nal PAI subdomain have reduced pKa values, whereas the RED
subdomain cysteine is largely buried, thereby providing a struc-
tural basis for the difference in glutathionylation susceptibility
of the PAI and RED subdomains. Moreover, our findings help
to explain the deleterious effects of mutations involving resi-
dues that do not belong to the DNA binding interface.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification—The DNA sequence
encoding residues 1–146 of the human PAX-8 gene (SwissProt
IDQ06710) cloned into a pIVEX2.3MCS vector (RocheMolec-
ular Biochemicals) was a kind donation of Prof. Cao. This con-
struct has been thoroughly described elsewhere (16) and
encodes a 159-residue fusion protein containing a 13-residue
C-terminal linker ending with a His6 affinity tag. The 13C-15N
doubly labeled fusion protein was expressed and purified by
ASLABiotech ltd. (Riga, Latvia) using an optimized ad hoc pro-
tocol described in the supplemental data.
NMR Spectroscopy—NMR spectra were recorded on the in-

house Bruker Avance 500 spectrometer and on a Bruker
Avance II 750 spectrometer of the Large Scale NMR Facility,
Utrecht, The Netherlands.
All NMR experiments were performed at 298 K using a sam-

ple containing 0.9 mM U-13C/15N Pax-8 Prd domain in 50 mM
sodium phosphate buffer at pH 6.2 in 90%, 10%H2O/D2O, sup-
plemented with 10–15 mM d10-dithiothreitol and 0.1% NaN3.
Backbone resonance assignment was accomplished using
standard sensitivity enhanced (28) decoupled 15N and 13C
HSQC (29, 30) experiments, three-dimensionalHNCA,HNCO
(31), HN(CO)CA, HN(CA)CO (32), CBCANH (33, 34)–
CBCACONH (35), H(CCO)NH (36), and residue selective
MUSIC experiments specific for glycine, serine, and valine-iso-
leucine-alanine residues (37, 38).
Side chain resonances were assigned using 15N/13C-resolved

HSQC-TOCSY (39), HCCH-TOCSY (39, 40), and 15N/13C-ed-
ited HSQC-NOESY (41, 42) experiments. Interproton distance
restraintswere obtained from 15Nor 13C resolved three-dimen-
sional HSQC-NOESY spectra, both recorded with a mixing
time of 100 ms. Further details are described in supplemental
data.
Proton chemical shifts were referenced to 2,2-dimethyl-2-

silapentane-5-sulfonic acid, whose resonance was set to 0.00
ppmwhereas 13C and 15N chemical shifts were referenced indi-
rectly to 2,2-dimethyl-2-silapentane-5-sulfonic acid, using the
absolute frequency ratio (43). The program CARA3 was used
for spectral analysis.
Collection of Conformational Restraints, Structure Calcula-

tion, and Refinement—Full backbone assignment of the Pax-8
Prd (residues 11–138 of the 159-amino acid protein construct)

3 Keller, R. (2004) The Computer Aided Resonance Tutorial, First Edition, ISBN
3-85600-112-3.

FIGURE 1. Schematic representation of Pax-8 protein organization. The
upper frame enlightens the dualistic organization of this protein, with a N-ter-
minal DNA binding region and a C-terminal transactivation region. The cen-
tral frame is a magnification of the N-terminal region, showing the paired box
domain, the evolutionary conserved octapeptide, and the non-functional
homeodomain. The Paired domain black filled boxes represent �-helices,
whereas the arrows indicate the �-hairpin. The lower part shows the primary
structure of the Pax-8 Prd domain (P8) aligned with homologues Pax-5 (P5)
and Pax-6 (P6) by means of ClustalW (44). Bold fonts highlight the residues
found to be organized in a secondary structure. The investigated Pax-8 con-
struct C-terminal linker plus the His6 tag are omitted for sake of clarity.

Pax-8 Paired Box Domain Solution Structure
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could be obtained with the exception of Pro44 and 85% of the
nonexchangeable side chain resonances could be assigned.
For the full construct residues 1–2 and 153–159 could not be

assigned due to unfavorable water exchange or overlap. Chem-
ical shifts values and NOE data for the N- and C-terminal clon-
ing artifacts indicate that they are unstructured and do not
interact with the Prd domain. In the following, the discussion
will focus only on the Prd domain.
NOE cross-peaks from the three-dimensional 15N- and 13C-

resolved NOESY spectra were assigned and converted into dis-
tance restraints using a homemade script. Dihedral angle
restraints for the � and � angles were derived from N, C�, C�,
H�, and C� chemical shifts using TALOS (45). The collected
restraints were analyzed to remove redundant information and
resulted in 1794 distance values, which, together with 123 dihe-
dral angle restraints, formed the experimental data set for the
restrained modeling. A trans-conformation was assumed for
Pro44, supported by our experimental NOE restraints for the
surrounding region. After applying standard pseudoatom cor-
rections (46), 300 structures were calculated using CYANA 2.1
(47) starting from random conformations, simulated annealing
details are described in supplemental data. The 20 conformers
with the lowest CYANA target function were subjected to
refinement in implicit solvent (dielectric constant � 4 � r)
using restrained energy minimization with the AMBER force
field (48) in the program DISCOVER (Accelrys) to improve
local structure quality and electrostatics (see details in supple-
mental data).
The structural quality was evaluated with Procheck-NMR

(49) and WHATCHECK (50). The programs MOLMOL (51)
and PyMol (52) (DeLano Scientific, Palo Alto, CA) were used to
visualize and evaluate r.m.s. deviations between the structures.
WHAT-IF (53) server has been used to evaluate salt bridges. A
homemade script has been written to evaluate hydrophobic
interactions, following the rules of Israelachvili and Pashley
(55). CompleteNMR restraints and structure calculation statis-
tics are given in Table 1 for residues 11–138 of the fusion pro-
tein corresponding to the Prd and excluding the N- and C-ter-
minal cloning artifacts.
Molecular Dynamics Simulations—Molecular dynamics

simulation has been performed starting from the crystal struc-
ture of human Pax-6 Prd domain (Protein Data Bank code
6PAX)with the cognateDNA removed and chloride ions added
to neutralize the overall charge (see details in supplemental
data).
The system was simulated for 10 ns. In the simulation the

temperature was kept constant through a simple velocity
rescaling procedure, whereas the pressure was controlled
through a Berendsen bath (57) using a relaxation time of 100 fs.
The volume of the box was fluctuating about 540 nm3 with a
standard deviation of less than 0.002 of its value. All structural
analyses, in particular r.m.s. deviations, secondary structure,
and angular order parameter analyses, have been performed
using the programMOLMOL.
Cysteine pKa Calculation—pKa values for cysteines were cal-

culated, based on the Poisson-Boltzmann equation, essentially
according to the method of Antosiewicz et al. (58) with minor
modifications (59). The starting structures were a model built

by homology with Pax-6 (PDB code 6PAX) as template, and the
20 NMR structures. pKa calculations have been also performed
on Pax-5 and Pax-6 structures.
Circular Dichroism—The purified Pax-8 Prd domain was

used for CD spectroscopy at a concentration of 15 �M using a
Jasco J-600 CD/ORD spectropolarimeter interfaced to a com-
puter for data collection. Standard conditions were 50 mM
Na2HPO4 (pH 6.2), 250 �M dithiothreitol, 277 K, 0.2-cm path-
length cuvette. Spectra are presented in terms of mean residue
molecular ellipticity ([�]; deg cm2 dmol�1), based on a mean
residue weight of 110.4 Da.
DataDeposition—Chemical shifts have been deposited at the

BMRB data base, with access code 15693, whereas the protein
coordinates were deposited in the protein data bank (PDB code
2K27).

RESULTS

NMR Secondary Structure Identification—The 1H-15N
HSQC spectrum is a sensitive indicator of the structural and
dynamical properties of a protein. The spectrum of free Pax-8-
Prd shows a chemical shift dispersion typical of an all �-helical
folded protein (supplemental Fig. S1). Secondary structure
assessment based on diagnostic sequential and medium-range
NOEs and chemical shift deviation from random coil values
(60, 61) revealed the presence of six �-helices, consistent with
the Prd domain crystal structures described in literature (Fig. 2
and supplemental S2). The helices are named starting from the
N-terminal by ordinal numbering.
The total helix content of the free Pax-8 Prd amounts to

�42%. This value is in agreement with control CD experiments
(supplemental Fig. S3), which show an �-helical content that,
depending on the analysis method adopted, varies from �28 to
�39% (62, 63). CD experimental conditions were the same as
those of the NMR with exception of protein and dithiothreitol
concentrations. The reduced state of the Prd domain in solu-
tion is confirmed by � and � carbon chemical shifts of the con-
served cysteines, which are in agreement with the values
reported by Sharma and Rajarathnam (64).
Pax-8 Prd Domain Conformation—Analysis of the NOESY

cross-peaks resulted in the identification of 76 long rangeNOEs
that reflect crucial interactions within each subdomain and are

FIGURE 2. Residue by residue chemical shift deviation from random coil
for the secondary structure diagnostic C� and H� resonances. Gray col-
umns highlight the validated �-helices (60).

Pax-8 Paired Box Domain Solution Structure
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typical of a tertiary organization (supplemental Fig. S4). The
backbone traces of the lowest energy structure and the ensem-
ble of structures of the free Pax-8 Prd domain are shown in Fig.
3. Structural statistics are reported in Table 1.
The tertiary organization of the free Pax-8 DNA binding

domain shows the characteristics of a canonical Prd domain:
two HTH motifs are connected by an unstructured linker
region. NOE data and chemical shift differences from random
coil values (60) support the random coil nature of the linker
(Figs. 2 and supplemental S4). Furthermore, the backbone
chemical shifts of the linker are consistent with a highly flexible
backbone, according to the randomcoil index (65) (supplemen-
tal Fig. S5).
Additionally, the random coil index indicates a random coil-

like structure and high backbone flexibility for the C- and
N-terminal regions flanking the two HTH domains. The flexi-
bility and lack of structure of the linker and the absence of
NOEs between the two subdomains indicate that the two HTH
subdomains are independent “beads on a string” and explain
the high global coordinate r.m.s. deviation. The individual N-
and C-terminal subdomains have considerably lower pairwise
r.m.s. deviations values for both backbone and heavy atoms
(�1.6 and 2.7Å, respectively) in comparisonwith thewhole Prd
domain; these values are consistent with a defined tertiary fold
for both subdomains but are somewhat higher than typical for a
well defined rigid structure.
Closer inspections reveals that, whereas the individual heli-

ces arewell definedwith pairwise r.m.s. deviation of�0.6Å, the
interhelical segments and the interhelical angles have consid-
erable lower definition, resulting in an increased r.m.s. devia-
tion. We suggest that the lack of a precise definition of the
tertiary structure is a signature of protein dynamics. This is also
reflected in the increased random coil index and predicted flex-
ibility for the interhelical segments.

Thus, whereas the free domain
has a well defined secondary struc-
ture and a defined tertiary fold, it
is most likely a dynamic structure.
Both the PAI and RED subdo-
mains contain three helices con-
sistent with the HTH motif (see
Table 2 for an analysis).
Helix I and II in the PAI subdo-

main pack against each other in an
antiparallel arrangement and are
almost perpendicular to helix III,
which is the DNA recognition helix.
Helices IV, V, and VI of the RED
subdomain are packed analogously.
A striking difference between the

two domains is the length of the
DNA recognition helix. Although
helix III spans on average only 1.5
helical turns, helix VI is 2.5 turns
long.We next sought to identify the
crucial side chain interactions
responsible for the HTH-fold of the
PAI and RED subdomains in the

structural ensemble (supplemental Table S1).
Consistent with the NOE data, residue Ile47 in helix II is

involved in hydrophobic interactions with residues Val42 in the
loop between helices I and II, and Leu51 in helix II; Val58 inter-
acts with Val53 and Leu62 in helix III interacts with Ile34 inmost
of the structures of the ensemble. These interactions stabilize
the core scaffold of the whole PAI subdomain (supplemental
Fig. S6a). Similarly, the scaffold of the REDdomain is formed by
the interactions between residueVal92 in helix IV, Ile107 in helix
V, andVal122 in the loop between helixes V andVI (supplemen-
tal Fig. S6b). Additional hydrophobic interactions are found
between residues in helix V and the turn connecting the latter
to helix VI.
Comparison with the DNA-Pax Complex Structures—To

assess the structural differences between the free and bound
state of the Pax-8 Prd domain we compared the solution struc-
tures of Pax-8 with crystal structures of Pax homologues
bound to DNA as the structure of DNA bound Pax-8 has not
been determined. The DNA bound homologues Pax-5 and
Pax-6 have 85 and 72% sequence identity with Pax-8, respec-
tively (Fig. 1).
Superposition of the PAI and RED subdomains of these

structures on the corresponding Pax-8 subdomains shows that
the overall fold is highly similar. The backbone r.m.s. deviation
between the PAI subdomain and the Pax-5 subdomain is 2.8 Å,
averaged over the ensemble of structures. Analogously, the
average backbone r.m.s. deviations for the RED subdomain is
1.8 Å. Similar values were obtained for the comparisonwith the
Pax-6 subdomains. These somewhat high r.m.s. deviation val-
ues are in agreement with the structural definition of the
ensemble itself.
Although the RED subdomain closely resembles that of

Pax-5 and Pax-6 in the DNA bound state, there are two inter-
esting differences in the tertiary structure organization for the

FIGURE 3. Structure of the free Pax-8 Prd domain. a, schematic representation of the lowest energy structure;
b and c, backbone traces of the ensemble of structures superimposed on the PAI subdomain (in blue) (b) and
the RED subdomain (in red) (c).

Pax-8 Paired Box Domain Solution Structure
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PAI domain (see Fig. 4). First, the N-terminal �-hairpin, which
is characteristic of Paired box PAI subdomains and provides
specific contacts at the DNAminor groove level (18), is absent.
Second, the DNA recognition helix is structured only in its
N-terminal part and for an average of 1.5 turns instead of the
expected 3.5 turns. These observations are also in direct agree-
ment with the observed chemical shifts. In addition, helix I is
slightly tilted with respect to the crystallized DNA-bound Pax
Prd domains, which could be a consequence of the lack of cru-
cial DNA contacts. Finally, hydrophobic interactions and salt
bridges that are conserved in Pax-5 and Pax-6 are also crucial
for the HTH fold in Pax-8 as shown in supplemental Table S1.

Molecular Dynamics Simulation of Unbound Pax-6 Prd
Domain—According to the currently accepted view, the Prd
domains aremostly unfoldedwhen free in solution. Thismeans
that the interaction with DNA should play a pivotal role in
secondary and tertiary structuring of these domains. Following
this hypothesis, intra-domain interactions should not be strong
enough to maintain a rigid tertiary structure once DNA is
removed. To test this hypothesis, we performed a molecular
dynamics simulation starting from the crystal structure of the
DNA bound conformation of Pax-6. Although Pax-6 Prd
domain shows 72% sequence identity with Pax-8 Prd, i.e. less
than Pax-5 (85% (10)), we preferred Pax-6 rather than Pax-5,
because the latter was co-crystallized in a ternary complex with
Ets-1.
The simulation ran for 10 ns in standard conditions. Snap-

shots were taken at 100-ps intervals to obtain a statistical
ensemble for the system under study. The resulting trajectory
revealed an early loss of the N-terminal �-hairpin (after about
1.5 ns) and confirmed the preservation of the two subdomains
in the free state of Pax-6 that maintained a r.m.s. deviation of
about 1Å after 10 ns simulation. Themean r.m.s. deviation over
the backbone indicates that the two subdomains do not loose
the global scaffold in the absence of the DNA.Moreover, on the
time scale probed by the simulation, no loss of structure is
observed in the helical regions of the two subdomains.
Cysteine pKa Calculations—pKa calculations were per-

formed on the Prd domains of Pax-5, Pax-6, homologymodeled
Pax-8, and the 20 NMR structures. We focus our attention on
cysteine residues that have been found to be relevant for redox
transcriptional regulation.
For all Pax-8 models a significant shift toward physiological

pH has been found for the pKa of Cys45 (7.9 � 0.2) and Cys57
(7.6 � 0.3) thiol groups, whereas for Cys117 the pKa seems
slightly shifted toward alkaline pH (8.9 � 0.7). Structurally, the
anion state of Cys45 and Cys57 seems to be stabilized by con-
served (throughout the whole Pax family) positively charged
residues in their vicinity, such as Arg43, Arg49, and Lys60. Sim-
ilar pKa shifts have been found also for Pax-5 and Pax-6 homo-
logue cysteines, showing that this feature is conserved. Further-
more, the N-terminal cysteines are accessible to the solvent
(100% of the structures for Cys45 and 90% for Cys57), whereas
Cys117 is more buried (accessible in 40% of the structures).

DISCUSSION

In this workwe demonstrate, usingNMR,CD, andmolecular
dynamics experiments, that the free Pax-8 Prd domain has a
defined residual structure in solution. The solution structure of
the Pax-8 Prd domain shows that the PAI and RED subdomains
have a well defined secondary structure and a typical, albeit less
precisely defined, HTH tertiary fold.
The secondary structure content is supported by CD meas-

urements, whereas the presence of the HTHmotif is supported
by a 10-ns molecular dynamics simulation. Stabilization of the
HTH fold can be explained by crucial hydrophobic interactions
that are conserved in the DNA bound state of homologues
Pax-5 and Pax-6. Finally, backbone chemical shifts indicate
through the RandomCoil Index that theHTHmotifs of the two

TABLE 1
Structural statistics and restraint information for the Pax-8 Prd
domain

Structural statistics and restraint informationa

Restraint information
Number of structures 20
Number of distance restraints 1,794
Intra/short/medium/long rangeb 946/588/185/75
Restraints per residue (overall) 11.3
Restraints per residue (N-terminal subdomain) 16.3
Restraints per residue (C-terminal subdomain) 16.6
TALOS derived dihedral angle restraints 123

Average r.m.s. deviation from experimental restraints
Distance upper limits ( Å) 0.028 � 0.050
�Range	 �0.01, 0.57	
Distance lower limits 0.035 � 0.040
�Range	 ��0.01, �0.57	
Dihedral angle restraints (°)

Ramachandran quality parameters in selected subdomains (%)
Residues in most favored regions 90.20%
Residues in allowed regions 8.20%
Residues in additionally allowed regions 1.40%
Residues in disallowed regions 0.10%

Consistency check over individual structures (mean value �ranges	)
Abnormally short interatomic distances 6 �2, 9	
Unsatisfied H bond acceptors (buried) 1 �0, 2	
Unsatisfied H bond donors (buried) 13 �6, 19	

Average G factors (53)
Phi-psi 0.140
Chi1-chi2 0.360
Chi1-only 0.040
Overall 0.190

Coordinate pairwise root mean square deviation (Å)
Global backbone atoms 11.1 � 4.5
Global side chain atoms 11.6 � 4.5

N-terminal subdomainc
Backbone 1.61 � 0.54
Heavy atoms 2.77 � 0.56

C-terminal subdomainc
Backbone 1.61 � 0.32
Heavy atoms 2.75 � 0.29

a Statistics were calculated for residues 11–138 corresponding to the Prd domain
using the 20 lowest energy structures.

b Distance restraints between hydrogens of residues i and j are classified as intra
(intraresidue, i.e. i � j � 0), short (short-range, i.e. i � j � 1), medium (medium
range, i.e. 1
 �i � j	 
5), and long (long range, i.e. i � j � 5).

c The N-terminal subdomain encompasses fragment 29–62, whereas the C-termi-
nal, fragment 87–135.

TABLE 2
Inter-helix tilt (degrees) comparisons in helix-turn-helix motifs

Pax-8 Pax-5 Pax-6
Helix I–II 114 � 14 143 141
Helix I–III 108 � 9 78 77
Helix II–III 103 � 18 124 117
Helix IV–V 112 � 7 120 122
Helix IV–VI 73 � 8 75 77
Helix V–VI 121 � 6 103 104
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subdomains behave like beads on a string within an otherwise
dynamic Prd domain.
Our findings provide the structural basis of the Prd domain

activity regulation. Pax-8 activity has been found to depend on
a redox reaction performed by APE1/Ref-1 (67) that results in
the reduction/oxidation of two important and conserved cys-
teines located in helixes II and III, Cys45 and Cys57 (20). Specif-
ically, glutathionylation of these N-terminal cysteines has been
proposed to prevent DNA binding because they are part of the
predicted interface (16).
Importantly, such enzymatic modifications require accessi-

ble and reactive cysteine residues in the free state of the Prd
domain. Indeed, Cys45 and Cys57 are highly accessible to the
solvent in our structure. Furthermore, by pKa calculations we

demonstrated that the local electro-
static environment of the thiol
groups of these cysteines reduces
their pKa, making them prone to
ionization at physiological pH and
therefore decreasing the redox
potential (68). Finally, as these cys-
teines are solvent exposed, it is
unlikely that glutathionylation will
cause the unfolding of the Prd
domain, rather it will mask a large
part of the DNA binding interface
(Fig. 5).
Thus, the stability of the HTH

fold in the unbound Prd domain is
responsible for the reactivity of the
cysteines 45 and 57. In opposition,
Cys117 results to be inactive: it is
mostly buried, with a thiol pKa
shifted toward alkaline values.
These features are conserved also in
Pax-5 and Pax-6 Prd domains, thus
suggesting an important functional
role for the conservedPAI cysteines.
The predefined nature of HTH

motifs will also limit the total
entropy costs of Pax-8 binding to its
cognate DNA, as the subdomains
are already right in overall confor-
mation to dock to the DNA.
Nevertheless, structural compari-
son with the DNA-bound homo-
logues suggests crucial conforma-
tional changes within the PAI
subdomain upon DNA binding. In
particular, the conserved N-termi-
nal �-hairpin and the C-terminal
part of the DNA recognition helix
(helix III) are unfolded in the free
state. When bound to DNA, these
two regions are stabilized by pivotal
specific contacts to the DNA. The
lower intrinsic stability of theN-ter-
minal �-hairpin is also indicated in

themolecular dynamics simulation of unbound Pax-6, inwhich
this secondary structure element is lost shortly after release
from the DNA. Overall, these local structural changes give
some clues into the dissection of the thermodynamics of DNA
binding by the Pax8 Prd domain.
Information gathered by CD spectra and random coil

index, together with the NMR structure suggests the pres-
ence of unstructured regions in different parts of the Prd
domain. This is in striking contrast with the conservation of
the N-terminal subdomain region throughout eukaryotic
PAX genes. Because the free protein is only partially struc-
tured and could thus easily accommodate mutations, the
evolutionary conservation is most likely dictated by the
properties of the protein when bound to DNA.

FIGURE 4. PAI (a) and RED subdomain (b) superimposition among the closest to mean structures of Pax-8
(red) and the crystal structures of Pax-6 (green) and Pax-5 (yellow).

FIGURE 5. Model of Pax8 glutathionylated at Cys45 and Cys57. Panel a shows the surface of the unbound
Pax-8 Prd domain where the green surface represents the DNA binding interface. Panel b shows how glutathio-
nylation of Cys45 and Cys57 hinders part of the DNA interaction surface. The model was built using PyMol (52).

FIGURE 6. Schematic representations of Pax-8 PAI subdomain. Panel a shows the hydrogen bonds found
between the Leu37 carbonyl oxygen and Gln40 side chain and backbone amide nitrogens (N�-2 and HN). Panel
b depicts the hydrophobic residue side chains around Leu62 (in cyan), i.e. 5 Å apart. The cluster is an important
part of the hydrophobic core of the PAI subdomain.
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In keeping with this picture, most Mendelian inherited
mutations, which are associated with diseases described in the
OMIM (66) data base, are found in the N-terminal subdomain.
Our structure suggests a molecular rationale for some dysfunc-
tions associated with mutations in the Prd domain. In fact,
based on homology modeling of Pax-8�DNA complex, the
importance of DNA contacting residues such as Arg31, Ser54,
and Cys57 is evident.

The presented data complete this view underlining the piv-
otal role of residues that do not obviously contact DNA, but
contribute to the correct secondary and tertiary scaffold of the
binding domain (as shown in Fig. 6). For instance, mutation
Q40P (24) will destabilize helix I, due to the resulting absence of
the hydrogen bonds with Leu37. Analogously, the mutation
L62R (20) may reduce the stability of the whole PAI subdomain
due to the crucial hydrophobic contacts with several other res-
idues in the N-terminal HTH motif.
This interpretation could apply to the whole Pax family. For

Pax-6 a very large number ofmutations associatedwith diseases
is present in the HGMD (56) data base. Interestingly, many of
the mutations involve conserved residues that we highlighted
as important for the structural arrangement of Pax-8, not only
in the DNA bound conformation, but also in the unbound pro-
tein. Also in a study of the Pax-3 Prd domain (54), DNAbinding
impairment was observed upon mutation of residues that we
address as fundamental in the tertiary scaffold.
In summary, in this work we show for the first time the

unbound conformation of a Prd domain free in solution, dem-
onstrating that Pax-8 adopts a tertiary structure even when not
bound to DNA. The unbound structure provides the structural
basis for the enhanced reactivity of Cys45 and Cys57 toward
glutathionylation and is useful to explain the effect of some Prd
pathologic mutations. This bears implications for the activity
regulation and functionality of the whole Pax family.
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