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Redox potential controls the DNA-binding activity of
several transcription factors. In some cases, the regula-
tion of DNA-binding activity by the redox state is medi-
ated by the Ref-1 nuclear protein. In this study, we
demonstrate that Ref-1 is able to induce “in vitro” the
DNA-binding activity of the Pax-8 paired domain. In co-
transfection experiments, Ref-1 increases the Pax-8 ac-
tivating effect on thyroglobulin promoter. Moreover, im-
munoreactivity data suggest that, in nuclear extracts of
thyroid cells, the levels of Ref-1 correlate with the
amounts of reduced Pax-8. Therefore, the regulation of
the Pax-8 DNA-binding activity by redox potential, that
we have demonstrated occurring “in vitro”, could repre-
sent a means to control “in vivo” the function of Pax
proteins. Alignment of the Paired domains sequences
present in the Protein Data Bank demonstrates a strong
conservation of Cys residues, suggesting that the redox
regulation of the Paired domain DNA-binding activity is
widely conserved along phylogenesis. © 1998 Academic Press

Redox potential plays an important role in the con-
trol of gene expression in a large variety of organisms
[1-2]. The redox regulation chiefly occurs through post-
transcriptional modifications of transcription factors.
Although several molecular functions may be subjected
to redox control [2], the DNA-binding function is the
major target of redox regulation. Clear examples of
redox-regulated DNA-binding activities in eukaryotes
are those of AP-1 and NF-kB transcription factors [3].

In order to understand how redox potential controls
gene expression, in addition to identify which are the
transcription factors subjected to redox regulation, it is
important to find the proteins mediating the redox
effects. Ref-1 has been identified as a protein capable of
either apurinic/apyrimidinic endonuclease DNA repair
activity and nuclear redox activity, being able to induce
AP-1 DNA-binding activity [4]. Biochemical studies in-

dicate that Ref-1 is able to directly interact, in the
nucleus, with thioredoxin (TRX) to regulate AP-1 tran-
scriptional activity [5].

Pax proteins are transcriptional regulators that play
a developmental role in a wide variety of species [6].
Pax-8 is extremely important for the correct develop-
ment of the thyroid gland; inactivation of the Pax-8
gene causes absence of follicular cells and, therefore,
absence of thyroid hormone [7]. Pax proteins bind to
specific DNA sequences through an evolutionarily con-
served domain called paired domain (Prd domain).
This is a 128-amino acid long structure, composed of
two structurally independent subdomains, called PAI
and RED [8]. Recently, we have demonstrated that the
Pax-8 DNA-binding activity is, “in vitro”, controlled by
redox potential [9]. Since thyrotropin (TSH), the major
regulator of the thyroid follicular cells, up-regulates
Ref-1 expression [10], we addressed the question
whether Ref-1 may be involved in the redox control of
Pax-8. We demonstrate that the Pax-8 Prd domain
DNA-binding activity is subjected to Ref-1 regulation.
This effect could play a role in the “in vivo” regulation
of Pax-8 activity, since we also demonstrate that Ref-1
regulates the activating effect of Pax-8 on Tg promoter.

MATERIALS AND METHODS

Expression vectors. The plasmid pT7.7Pax8-Prd, was obtained by
subcloning the DNA sequence encoding for the Pax8 Prd domain into
the plasmid pT7.7 [11]. Its construction is described in Ref. [9].

Recombinant Ref-1 His-tagged expressing plasmid pDS56Ref-1
was kindly provided by Dr. T. Curran.

Eukaryotic expression vectors for Pax-8 and Ref-1 were provided
by Dr. P. Gruss and Dr. T. Curran, respectively. In both plasmids the
expression of the protein is driven by CMV promoter.

Plasmid pTACAT3 contains the wild-type Tg promoter linked to
the Chloramphenicol acetyltransferase (CAT) gene and is described
in [12]. Plasmid CMV-Luc contains the Luciferase (Luc) gene con-
trolled by CMV promoter.

Protein expression and purification. pT7.7Pax-8 Prd plasmid was
used to transform BL21 bacterial strain. Transformed cells were
grown at 37°C to OD600 0.6-0.7 and then induced by 1 mM IPTG for
3 hours. Cells were harvested by centrifugation and resuspended in
lysis buffer (50 mM sodium phosphate, 0.25 M NaCl, 1 mM EDTA, 1
mM EGTA, 1 mM DTT, 2 mg/ml leupeptin, 2 mg/ml pepstatin, 1 mM
phenylmethylsulfonyl fluoride (PMSF), pH 7.0) in a volume of 10
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Gervasutta 48, 33100 Udine, Italy. Fax: 1139 0432 600828. E-mail:
immunoud@dstb.uniud.it.

BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 252, 178–183 (1998)
ARTICLE NO. RC989548

1780006-291X/98 $25.00
Copyright © 1998 by Academic Press
All rights of reproduction in any form reserved.



ml/g of bacterial pellet. After cell lysis by sonication, the cell debris
was removed by centrifugation. DNA was removed by addition of 0.3
mg/ml of protamine sulfate to the supernatant and the precipitate
removed by centrifugation. The supernatant was loaded onto a
Mono-S column (Pharmacia) pre-equilibrated with lysis buffer. The
Pax-8 Prd domain was purified using a linear gradient of 0.25-0.7 M
NaCl in 50 mM phosphate buffer at pH 7.0, containing 1 mM DTT.
The purified protein gave a single band on an overloaded SDS-PAGE.
Fractions containing purified proteins were dialysed against water
and then stored at 285°C. The Pax-8 Prd domain concentration was
determined using a molar absorption coefficient of 9890 M21 cm21,
calculated as previously described [13].

Recombinant Ref-1 expression and purification were made as pre-
viously reported [14]. Briefly, E. coli growth and induction were
made as already mentioned before. Then, the pelleted cells were
lysed in PBS containing 1 mg z ml21 lysozyme (Sigma), 10 mM
b-mercaptoethanol, 1 mM PMSF and 0.8 mM imidazol and soni-
cated, and was clarified by centrifugation. The supernatant was then
loaded onto a Ni21-NTA (nitrilotri-acetic acid) agarose column. The
column was washed and the fusion protein was eluted with a linear
gradient of PBS containing 80 mM imidazol. The eluted protein was
dialysed against 50 mM phosphate buffer, pH7.3, 50 mM NaCl, 5mM
MgCl2, 1mM EDTA, 5% vol/vol glicerol, 0.5 mM DTT.

Electrophoretic mobility shift assay (EMSA) analysis. Double-
stranded oligodeoxynucleotides, labelled at the 59 end with 32P, were
used as probes in gel retardation assays. The C site is a 24mer whose
upper strand is 59-CACTGCCCAGTCAAGTGTTCTTGA-39. The gel
retardation assay was performed by incubating protein and DNA in
a buffer containing 20 mM Tris-HCl, 75 mM KCl, 0.25 mg/ml bovine
serum albumin (BSA), pH7.6, 10% glicerol with or without calf
thymus DNA (50 mg/ml), for 30 min at room temperature. Protein-
bound DNA and free DNA were separated on a native polyacryl-
amide gel run in 0.53 TBE for 1.5 hr at 4°C. The gel was dried and
then exposed to an X-ray film at 280 °C.

Cell cultures and transfections. HeLa cells were grown in Dul-
becco’s modified Eagle’s medium (DMEM) supplemented with 10%
foetal-calf serum (FCS). For transient transfections cells were plated
at 0.8 3 106 cells/60mm culture dish. After 4-6 hours, transfections
were carried out by the calcium phosphate co-precipitation proce-
dures [15]. The following amounts of plasmid were transfected to
each 60 mm dish: pTACAT3, 1.5 mg; CMVPax8, 0.5 mg; CMVRef-1,
2.25 mg; CMVLuc, 0.5 mg. After exposure to the calcium phosphate/
DNA precipitate for 12-14 hours, cells were washed with PBS and
grown for 48 hours. CAT [16] and Luc [17] activities were measured
as described in the cited references.

FRTL-5 cells were grown as previously described [18] except that
TSH was used at a final concentration of 1 mU/ml.

Nuclear extracts and Western blot. Cell nuclear extracts were
prepared as previously described [19]. Briefly, 107 cells were washed
once with PBS and resuspended in 500 ml of hypotonic lysis buffer A
(10 mM Hepes, 10 mM KCl, 0.1 mM MgCl2, 0.1 mM EDTA, 0.5 mM
PMSF, pH 7.9). After 10 min, cells were homogenized by ten strokes
with a loose-fitting Dounce homogenizer. Nuclei were collected by
centrifugation for 5 min at 500 3 g at 4°C in a microcentrifuge. Then,
the nuclear proteins were extracted with 100 ml of buffer B (10 mM
Hepes, 400 mM NaCl, 1.5 mM MgCl2, 0.1 mM EDTA, 0.5 mM PMSF,
pH 7.9). After incubating for 20 min at 4°C, samples were centrifuged
at 12000 3 g at 4°C for 15 min. The nuclear extracts were then
quantitated for protein levels according to the Bradford method [20]
and used immediately for EMSA analysis or kept at 280°C.

Extracts of FRTL-5 cells, prepared as described previously [19],
were boiled in Laemmli sample buffer (with or without b-mercapto-
ethanol as reducing agent, as indicated) and resolved on a 12% SDS
polyacrylamide gel electrophoresis (PAGE). After electroblotting
onto nitrocellulose membrane (MSI, Westboro, MA, USA), Ref-1 was
detected by a Rabbit polyclonal specific antibody (Santa Cruz Bio-

technology, Inc. Santa Cruz, CA) and Pax-8 by the rabbit polyclonal
antibody aPax8-187 kindly provided by R. Di Lauro using an ECL
detection kit (Amersham Corp.).

RESULTS AND DISCUSSION

Recombinant Ref-1 Activates Pax-8 Prd DNA-Binding

In a recent study we demonstrated that the DNA-
binding activity of the Pax-8 Prd domain is redox reg-
ulated [9]. In the case of AP-1 and p53 transcription
factors, the regulation of DNA-binding activity by the
redox state is mediated by the Ref-1 nuclear protein [5,
21]. In order to demonstrate whether Ref-1 is able to
directly induce the DNA-binding activity of the isolated
Pax-8 Prd domain, we performed an EMSA analysis
with the oxidate form of the Prd domain and the re-
combinant Ref-1 protein. Recombinant Pax-8 Prd do-
main was obtained by over-expression in E. coli and
purified as previously described [9]. The purified pro-
tein was then oxidised by prolonged air exposure and
the oxidation state was monitored by MALDI-MS spec-
troscopy as previously reported [9]. Recombinant Ref-1
protein (rRef-1) was obtained as hexaistidine-tag fu-
sion protein from over-expression in E. coli and then
purified by nickel-chelate chromatography from bacte-
rial extracts and treated as previously described [14].
As previously demonstrated [9], the oxidate form of
Pax-8 Prd domain was unable to show any kind of
DNA-binding activity (Fig. 1, lane 2). The addition of
increasing amounts of rRef-1 protein considerably en-
hanced the DNA-binding activity (Fig. 1, lanes 3, 4)
also compared to the addition of the same volumes of
the dialysis buffer used to dialyse the rRef-1 protein
after purification (data not shown). As it is evident
from Fig. 1, interaction between the Prd domain and
Ref-1 is likely to be of a transient nature because there
is no change in mobility of Prd-DNA complexes either
in samples stimulated with the reducing agent dithio-
threitol (DTT) (Fig. 1, lane 5) or with Ref-1. Contrarily
to what shown by Xanthoudakis et al. in the case of Jun
[22], we were not able to detect a stable interaction
between Prd domain and Ref-1 “in vitro” (data not
shown).

Ref-1 Increases the Pax-8-Induced Activity
of Tg Promoter

In order to test whether the stimulatory effect of
Ref-1 on the Pax-8 Prd DNA-binding activity could
have a relevance “in vivo”, a cell transfection approach
was used (Fig. 2). In fact, the rat Tg promoter is not
functional when transfected in non-thyroid cell lines
and its activity can be reconstituted by the forced ex-
pression of Pax-8 [23]. We asked whether the co-
transfection of a Ref-1 expression vector is able to
modify the Pax-8 effect on Tg promoter. Results are
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shown in Fig. 2. As expected, Tg promoter is inactive in
HeLa cells and the expression of Pax-8 is able to acti-
vate it. The co-transfection of a Ref-1 expression vector
increases of two fold the Pax-8-induced activation of Tg
promoter (Panel A). The Ref-1 effect is specific, since
the activity of the CMV promoter is not modified by the
co-transfection of the Ref-1 expression vector (Panel B).
Moreover, in the absence of Pax-8, Ref-1 reduces the
basal level of Tg promoter activity of about 50% (data
not shown), excluding activating effects of Ref-1 on the
basal transcriptional machinery. Although we cannot
exclude a stimulatory effect of Ref-1 on the transcrip-
tional activating function of Pax-8 [24], these data,
together with those shown in Fig. 1, strongly suggest
that the stimulatory effect of Ref-1 on Tg promoter
activation is due to the increase of the Pax-8 DNA-
binding activity. Therefore, the regulation of the DNA-
binding activity of Pax-8 by redox potential, that we
have demonstrated occurring “in vitro”, could repre-
sent a system to control “in vivo” the function of Pax
proteins.

Ref-1 Expression Levels Correlate with the Reduced
Form of Pax-8 in FRTL-5 Thyroid Cells

It has been demonstrated that, in the case of p53, the
redox modulation of the sequence-specific DNA-
binding activity occurs through modifications of the
protein conformation [25]. The authors tested the con-

FIG. 2. Effect of Ref-1 on the activity of Tg and CMV promoters.
Plasmids were transfected in HeLa cells at the concentrations indi-
cated in Materials and Methods. 48 hours after transfections, cells
were harvested and CAT and Luc activities were measured. Panel A:
effect of Ref-1 on the Pax-8-induced activity of Tg promoter. Panel B:
effect of Ref-1 on the CMV promoter. In both panels, bars indicate
the mean value 6 SD of at least three independent experiments.

FIG. 1. Recombinant Ref-1 (rRef-1) is a stimulator of Pax-8 Prd
domain DNA-binding activity. DNA binding by 50 ng of recombinant
Pax-8 Prd domain, in the absence (lane 2) or presence of 100 (lane 3)
and 300 ng (lane 4) of rRef-1 or the reducing agent DTT 5 mM (lane
5), was analysed by EMSA. Lane 1 contains probe alone. The oxi-
dised form of the recombinant Prd domain of Pax-8 was obtained by
prolonged air exposure and tested by MALDI-MS spectroscopy ac-
cording to Ref. [9]. The arrow indicates the position of the protein-
DNA complex.
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formational modifications of p53 by using a panel of
antibodies raised against different parts of the mole-
cule. In order to demonstrate the occurrence of a redox
regulation of the endogenous Pax-8 present in thyroid
cells, we also used an immunological approach (Fig. 3).
FRTL-5 cells were grown for 6 days either in the ab-
sence (2TSH) or the presence (1TSH) of TSH (1mU/
ml). Nuclear extracts were separated on SDS-PAGE
12% in reducing or non-reducing conditions (1 and 2
b-mercaptoethanol, respectively). Pax-8 and Ref-1
were detected by Western blot analysis. Pax-8 was
detected by using the antibody aPax8-187, raised
against a 14 residues long peptide situated just down-
stream at the C-term of the Prd domain (residues 157-
170). Ref-1 was detected by using a commercial anti-
body (Santa Cruz Biotech.). Both Pax-8 and Ref-1
protein levels are increased by TSH, confirming previ-
ous results [10, 26]. However, whereas Ref-1 shows the
same immunological reactivity in reducing and non-
reducing conditions, Pax-8 was more immunologically
reactive when run in reducing conditions. The differ-
ence in immunoreactivity was maximally detected in
nuclear extracts of cells cultured in the absence of
TSH; the presence of TSH in the culture medium
greatly reduces the difference of Pax-8 immunoreactiv-
ity between reducing and non-reducing conditions

(compare bars 1-2 and 3-4). These results are compat-
ible with the existence, in thyroid cells, of two confor-
mationally different forms of Pax-8: one is insensitive
to the presence of b-mercaptoethanol in the gel (there-
fore reduced in its “native state”) and strongly immu-
noreactive, the second one is sensitive to the presence
of b-mercaptoethanol in the gel (therefore oxidised in
its “native state”) and poorly immunoreactive. This
latter is prominent when cells are cultured in the ab-
sence of TSH; on the contrary, when the hormone is
present, most of the protein is in the “reduced” form. A
positive correlation is present between Ref-1 levels and
the ‘b-mercaptoethanol-insensitive form’ of Pax-8.
Therefore, the amount of nuclear Ref-1 appears to con-
trol the redox state of Pax-8.

Cysteine Residues of the Paired Domain Are
Extremely Conserved along Phylogenesis

DNA-binding regulation by redox potential is
achieved through reduction/oxidation of cysteine resi-
dues [2]. Hence, the conservation of the Prd domain
Cys residues along phylogenesis would suggest the
conservation of the redox regulation of Prd domain-
containing proteins through evolution. Alignment of 20
paired domain sequences present in the EMBL Protein
Data Bank (available at the site http://srs.ebi.ac.uk:
5000) underlines the importance of Cys residues in the
context of the paired domain either in vertebrates
(Pax-1/Pax-9, upper part of Fig. 4) and invertebrates
(lower part of Fig. 4). Cys37 is present in all proteins
with the exception of Pax-A of Hydra. However, in this
protein, a Cys residue is present at position 32. Cys49
is conserved in all Prd domains and Cys109 is present
in all Prd domains with the exception of Gsbn of Dro-
sophila. Though decreasing the sequence homology de-
gree (from 93.8 to 60.6%) between the Prd domains of
vertebrates and invertebrates using Pax-8 as a refer-
ence, the Cys residues result very well conserved thus
supporting their importance in the context of Prd do-
mains. This observation is more striking when focusing
on small stretches (11 residues) of amino acids sur-
rounding the Cys residues, especially the Cys109. In
this case, the sequence homology decreases to 36%
(Gsb, Pax-B, Poxn) while the Cys residue is always
conserved.

It has been demonstrated that the reactivity of a
cysteine residue is enhanced by the neighbouring basic
amino acids through the formation of a thiol-anion
base pair [27]. We tested the theoretical reactivity, in
terms of susceptibility to oxidation, of each Cys residue
of different paired domains by calculating its isoelec-
trical local point. Interestingly, both Cys37 and Cys49
have a highly basic local environment (pI ranging from
8.9 to 10.7, data not shown) therefore representing an
ideal target for redox regulation. On the contrary,

FIG. 3. Ref-1 expression levels correlate with the reduced form of
Pax-8 in FRTL-5 thyroid cells. 20 mg of nuclear extracts from FRTL-5
cells, treated or not with TSH, were separated on SDS-PAGE 12% in
reducing (for the presence of b-mercaptoethanol) and non reducing
conditions, as indicated. Endogenous Pax-8 and Ref-1 were detected
by Western blot analysis. Bars represent densitometric data of Pax-8
bands relative to the protein level detected in reducing conditions.

Vol. 252, No. 1, 1998 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

181



Cys109 results very poorly reactive (local pI ranging
from 2.8 to 5.6, data not shown). These data suggest
that evolutive pressure has been working leading to a
high reactivity for Cys37 and Cys49 associated to a low
reactivity for Cys109.

To sum up, the redox regulation of Prd domain-
containing proteins could exist in a wide range of or-
ganisms. The protein Ref-1 plays a role in this type of
regulation. Therefore, the comprehension of how Ref-1
is functionally regulated, may help us to understand
how Pax proteins can control development.
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