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Cellular Nucleic Acid Binding Protein Binds
G-Rich Single-Stranded Nucleic Acids and
May Function as a Nucleic Acid Chaperone
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Universidad Nacional de Rosario, Suipacha 531, (S2002LRK) Rosario, Argentina

Abstract Cellular nucleic acid binding protein (CNBP) is a small single-stranded nucleic acid binding protein made
of seven Zn knuckles and an Arg-Gly rich box. CNBP is strikingly conserved among vertebrates and was reported to play
broad-spectrum functions in eukaryotic cells biology. Neither its biological function nor its mechanisms of action were
elucidated yet. The main goal of this work was to gain further insights into the CNBP biochemical and molecular features.
We studied Bufo arenarumCNBP (bCNBP) binding to single-stranded nucleic acid probes representing the main reported
CNBP putative targets. We report that, although bCNBP is able to bind RNA and single-stranded DNA (ssDNA) probes
in vitro, it binds RNA as a preformed dimer whereas both monomer and dimer are able to bind to ssDNA. A systematic
analysis of variant probes shows that the preferred bCNBP targets contain unpaired guanosine-rich stretches. These data
expand the knowledge about CNBP binding stoichiometry and begins to dissect the main features of CNBP nucleic acid
targets. Besides, we show that bCNBP presents a highly disordered predicted structure and promotes the annealing and
melting of nucleic acids in vitro. These features are typical of proteins that function as nucleic acid chaperones. Based on
these data, we propose that CNBP may function as a nucleic acid chaperone through binding, remodeling, and stabilizing
nucleic acids secondary structures. This novel CNBP biochemical activity broadens the field of study about its biological
function and may be the basis to understand the diverse ways in which CNBP controls gene expression. J. Cell. Biochem.
103: 1013–1036, 2008. � 2007 Wiley-Liss, Inc.
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Vertebrate genomes encode large multigene
families of nucleic acid binding proteins.
Although the main characteristics and common
structural motifs have been extensively char-
acterized for double-stranded DNA (dsDNA)

binding proteins, no such extensive analysis
has been made for single-stranded nucleic acid
binding proteins. Even more, despite the iden-
tification of a growing number of proteins that
bind specifically to single-strandednucleic acids
in vitro, the biochemical basis and biological
relevance of the binding of these proteins to
their putative cellular targets remain elusive.

Cellular nucleic acid binding protein (CNBP),
also known as zinc-finger protein 9 (ZNF9), is a
zinc-finger protein that binds single-stranded
DNA (ssDNA) [Rajavashisth et al., 1989;
Michelotti et al., 1995] and RNA [Yasuda
et al., 1995; Pellizzoni et al., 1997; Calcaterra
et al., 1999; Armas et al., 2004] molecules.
CNBP cDNAs have been cloned from mammals
[Michelotti et al., 1995; Yasuda et al., 1995;
Flink and Morkin, 1995b; Shimizu et al., 2003],
chicken [Ruble and Foster, 1998], fish [Armas
et al., 2004; Liu andGui, 2005], and amphibians
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[Pellizzoni et al., 1997;Armas et al., 2001]. It is a
small protein (ffi19kDa)withahighly conserved
structural organization and amino acid sequ-
ence [Armas et al., 2001, 2004]. CNBP is made
up of seven Cys-Cys-His-Cys (CCHC) zinc
knuckle motifs (consensus sequence ‘‘C– f –X–
C–G–� –X–G–H–X3– d –C’’, whereX¼ variable
aminoacid,f¼ aromaticaminoacid,�¼ charged
amino acid, and d¼ carbonyl-containing resi-
due) that exhibit striking sequence and func-
tional similarities with the corresponding
structure of retroviral nucleocapsid (NC) pro-
teins [Rajavashisth et al., 1989; McGrath et al.,
2003]. CNBP also contains a peculiar arginine/
glycine-rich region highly similar to the Arg-
Gly-Gly (RGG) box motif located between the
first and second CCHC motifs. The RGG box
motif is composed of imperfect repeatedGly-Gly
dipeptides interspersed with Arg and aromatic
residues, and has been proposed as an RNA
binding motif and a predictor of RNA binding
activity [Burd and Dreyfuss, 1994]. CNBP
shows several putative phosphorylation sites,
and it was recently reported that zebrafish
(Danio rerio) CNBP is in vitro phosphorylated
by an embryonic cAMP-dependent protein
kinase (PKA) activity [Lombardo et al., 2007].

A variety of biological functions have been
assessed to CNBP. It has been largely impli-
cated in vertebrate embryogenesis. During
amphibian and fish development, CNBP is
maternally inherited and remains in the cyto-
plasm until mid-blastula transition (MBT)
becomingnuclear afterwards, once zygotic tran-
scription has started [Armas et al., 2001, 2004].
Consequently, it was implicated in maternal
and/or newly synthesized RNA binding, as well
as in zygotic transcription modulation [Armas
et al., 2004]. Recent works show that CNBP is
required for forebrain formation during verte-
brate organogenesis. Cnbp-null mutant mice
are embryonic lethal and show severe forebrain
truncation and facial abnormalities due to a
lack of proper morphogenetic movements of the
anterior visceral endoderm (AVE) during pre-
gastrulation stage [Chen et al., 2003]. In chick
embryos, Cnbp is expressed in the equivalent
tissues of the mouse embryo and, furthermore,
CNBP knockdown produces forebrain trunca-
tion [Abe et al., 2006]. It was proposed that the
CNBP role during vertebrate organogenesis is
to regulate the forebrain formation by control-
ling the expression of a number of rostral head
transcription factors, such as c-Myc [Chen et al.,

2003], BF-1, Six3, and Hesx1 [Abe et al., 2006].
Indeed, a recent report proposes that CNBP has
an essential role in mediating neural crest
expansion by controlling proliferation and cell
survival during vertebrate rostral head devel-
opment [Weiner et al., 2007].

Besides, a broad-spectrum of cellular func-
tions has been assigned to CNBP. Binding to
DNA, it was reported both as a negative
[Rajavashisth et al., 1989; Flink and Morkin,
1995a; Liu et al., 1998] and positive [Michelotti
et al., 1995; Konicek et al., 1998] transcriptional
regulator. InteractingwithRNA, itwasreported
as a translational [Pellizzoni et al., 1997, 1998;
Calcaterra et al., 1999] and transcriptional
modulator [Yasuda et al., 1995]. Two main
models were proposed wherein CNBP acts as a
single-stranded nucleic acid binding protein.
The first model involves CNBP and heteroge-
neous nuclear ribonuclear protein K (hnRNPK)
as transcriptional activators of the c-Myc gene
through binding to the CT promoter element
[Michelotti et al., 1995; Tomonaga et al., 1998;
Krecic and Swanson, 1999]. The second model
proposes CNBP as a translational inhibitor of
ribosomal proteins mRNAs (rp-mRNAs)
through binding to their 50 UTR. In this last
model, La autoantigen would be a translational
activator while the Ro60 autoantigen would
alternatively assist the binding of CNBP or La
to rp-mRNAs [Pellizzoni et al., 1998].

Scant information exists about CNBP bio-
chemical activities and mechanism of action, a
fact that makes it difficult to explain how a
unique protein may act in such a wide range of
cellular and biological pathways. With the aim
of further understanding the CNBP ways of
action, we analyzed CNBP binding to RNA and
DNAprobes indetail. In this studywe show that
Bufo arenarum CNBP (bCNBP) binds to RNA
and ssDNA, but not to dsDNA. Noteworthy,
ssDNA is bound by CNBP monomeric and
dimeric forms, whereas RNA is mainly bound
by the CNBP dimer. Moreover, our results
suggest that monomer and dimer are non-
interconvertible forms. A systematic analysis
of variant probes showed that the preferred
CNBP targets are single-stranded nucleic acid
with unpaired G-rich stretches. Besides, pre-
diction structure analysis in addition to results
fromannealing andmelting assays suggest that
CNBP functions as a nucleic acid chaperone.
This novel CNBP biochemical activity may
explain the disparate functions assigned to this
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protein. The biological significance of these
results is discussed in the context of the possible
CNBP cellular roles, such as the control of
ribosomal proteins translation and c-Myc pro-
tooncogene transcription.

MATERIALS AND METHODS

Recombinant Protein

bCNBP cDNA, GenBank Accession Number
AF144698 [Armas et al., 2001], was fused to an
N-terminal glutathione-S-transferase (GST)
tag in pGEX-2T plasmid vector (Amersham
Biosciences).GST-bCNBP fusionwas expressed
in Escherichia coli DH5a and purified to
homogeneity by affinity chromatography using
Gluthathione Sepharose (Amersham Bioscien-
ces) according to the manufacturer’s instruc-
tions. Purification quality was determined by
SDS–PAGE and silver staining. Fusion protein
molar concentration was accurately estimated
by densitometric analysis of SDS–PAGE Coo-
massie Brilliant Blue stained gels.

Disorder Prediction

Prediction of intrinsically unstructured
regions was carried out using the DisProt
VL3-E online predictor (http://divac.ist.temple.
edu/disprot/predictor.php) [Peng et al., 2005].
An amino acid with a disorder score above or
equal to 0.5 is considered to be in a disordered
environment, while below 0.5 to be ordered.

Embryonic and Egg Extracts Preparation

B. arenarum specimens were collected in the
surroundings of Rosario, Argentina, and kept in
moist chambers at 158C until used. Ovulations,
fertilizations, and embryo culture were per-
formed as reported elsewhere [Calcaterra et al.,
1999]. Eggs and embryos extracts were pre-
pared using a Potter–Elvehjem homogenizer,
in four volumes of a solution containing 20 mM
Tris-HCl, pH 7.6, 10 mM MgCl2, 50 mM KCl,
100 mMNaCl, 1 mMEDTA, 0.1% Triton X-100,
and100mMPMSF.Cellular debriswas removed
by centrifugation at 20,000g and 48C for 30min.
Extracts were centrifugated at 100,000g for 1 h,
and supernatants were used as total soluble
protein extracts.

Nucleic Acid Probes

DNA and RNA oligodeoxinucleotides (see
sequences in Table I) were purchased from

Invitrogen Corp. and dissolved in distilled
water to a final concentration of 100 mM.
Labeled ssDNAprobeswere [32P]-50 end-labeled
DNAoligonucleotides. LongRNAprobes (sense,
RNA-L4-UTR, and antisense, aRNA-L4-UTR)
were synthesized by in vitro transcription of the
50 UTR from X. laevis L4 rp-mRNA sequence
using as template a plasmid containing the X.
laevis L4 cDNA, GenBank Accession Number
X05216. For labeled RNA-L4-UTR probe syn-
thesis, the in vitro transcription reaction was
performed in the presence of [a-32P] UTP.
Labeled ssDNA and RNA probes were purified
by 12% and 8% PAGE, respectively, in 1X TBE.
Probes were recovered by elution in 0.3 M
sodium acetate, 0.1% SDS, for 4 h at 378C,
followed by phenol/chloroform extractions and
ethanol precipitation, and finally dissolved in
sterile H2O. Labeled single-stranded probes
were denatured by heating to 958C for 5 min
and renatured by slowly cooling to room temper-
ature in a buffer containing 100 mM Tris-HCl,
pH 8.0, 1 mM EDTA, 100 mM NaCl. dsDNA
probes were obtained by incubating equimolar
amounts of the completely or partially comple-
mentary purified ssDNA oligonucleotides at
958C for 5 min, and then slowly cooling the
mixture to allow duplex formation. Secondary
structures of single-stranded nucleic acids were
predicted using RNAstructure 4.11 and Mfold
softwares [Mathews et al., 1999; Zuker, 2003].

Electrophoretic Mobility
Shift Assay (EMSA)

Binding reactions were performed in 20 mM
HEPES, pH 8.0, 100 mM NaCl, 10 mM MgCl2,
1 mM EDTA, 1 mM DTT, 1 mg/ml BSA and 10%
glycerol. Labeled probes were added to a final
concentration of 2 nM. Purified fusion proteins
or total soluble protein extracts were added as
indicated. For ssDNA probes, 0.01 mg/ml of non-
specific competitor DNA (poly(dI:dC) � (dC:dI)
from Pierce Nucleic Acid Technologies) and
0.5 mg/ml Heparin were added. For RNA probes,
1 mg/ml of non-specific competitor RNA (Type VI
Torula Yeast RNA from Sigma) and 0.5 U/ml
RNasin (Promega) were added. Final reaction
volume was 20 ml. Binding reactions were
incubated for 30 min at 378C and then loaded,
depending on the probe size, onto 5%, 8%, or
12%polyacrylamide gels containing 5%glycerol
in TBE 0.5�. After electrophoresis, gels were
dried and exposed to X-Ray films (Kodak
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BioMax MS film) or Storage Phosphor Screen
thatwas subsequently scanned inaSTORM860
PhosphorImager using ImageQuant 5.2 soft-
ware (Amersham Biosciences). For potassium
condition EMSAs the probes were denatured
and renatured in a potassium-buffer (100 mM
Tris-HCl, pH 8.0, 1 mM EDTA, 100 mM KCl)
and NaCl in the reactions was replaced by KCl.

Super-Shift Assays

Binding reactions were performed as detailed
in EMSA. Antibody used for super-shift assays
was raised in rabbits by immunization with
purified recombinant bCNBP and affinity puri-
fied as reported elsewhere [Armas et al., 2004].
Onemicrogramofpurifiedanti-bCNBPantibody

TABLE I. Oligonucleotides Used in This Work

Families of nucleotides are aligned and changes of sequences in respect of the first oligonucleotide in each group are signaled: CT
elements are boxed, nucleotide replacements are bolded and underlined, and nucleotide deletions are indicated by low dashes.
CT and Comp-CT as well as CT-12 and Comp-CT-12 are exactly complementary oligonucleotide pairs.

1016 Armas et al.



was added before or after binding reactions took
place and incubated at 48C for 30 min. Control
reactions were performed using equal volumes
of a pre-immune serum subjected to the same
affinity antibody purification protocol carried
out for obtaining anti-CNBP antibody from
immune serum.

Apparent Dissociation Constants Estimation

Apparent dissociation constants (Kd) were
estimated from the intensity of radioactive
bands in EMSAs, which enables the estimation
of accurate equilibrium-binding constants
[Carey, 1991]. Relative amounts of bound and
unbound probes were quantified from radio-
active bands, and the bound/unbound ratio was
used as an estimation of the [complex]/[free
probe] ratio. Free (unbound) protein was esti-
mated by the total protein concentration con-
sidering an excess of protein in respect of total
probe higher than tenfold. Apparent Kd was
estimated from the slope of the linear regression
of the free protein concentration versus the
[complex]/[free probe] ratio plot for each EMSA
using SigmaPlot 9.0 software (SPSS, Inc.). Five
independent experiments were carried out and
an average apparent Kd value was estimated.

UV Cross-Linking Reactions

Binding reactions were performed as detailed
in EMSA. After incubation, reactions were irra-
diated for 10minwithUV light (2� 105 erg/mm2)
using a 254 nm UV lamp at 48C. Proteins were
resolved by native 8% PAGE containing 5%
glycerol in TBE 0.5� or by 12% SDS–PAGE,
and visualized by staining with Coomassie
Brilliant Blue. Gels were dried, exposed, and
scanned as described above.

Annealing Assays

CT (sense) and [32P]-50 end-labeled Comp-CT
(antisense, Comp-CT*) oligonucleotides were
separately heated at 908C for 3 min, and then
transferred to ice for 5 min. Then, Comp-CT*
(5 nM) and CT (10 nM) oligonucleotides were
independently incubated in annealing buffer
(50 mM Tris-HCl, pH 8.0, 0.1 mM EDTA, 1 mM
DTT, 6 mM MgCl2, 80 mM KCl, and 0.1 mM
ZnCl2) at 378C for 2 min in the absence or in the
presence of the indicated recombinant protein.
Finally, to start the reactions, 20 ml of CT-
containing reaction mixture were added to
100 ml of reaction mixture containing Comp-
CT* and the mixture was incubated at 378C.

Aliquots of 20 ml were taken at specific time
points as indicated and annealing reactions
were stopped by adding them to 7.5 ml of stop
solution (0.25% bromphenol blue, 0.25% xilene
cyanol, 20% glycerol, 20 mM EDTA, 0.2% SDS,
and 0.4 mg/ml yeast tRNA). Reactions were
incubated in stop solution at 378C for 1 min
before being transferred to ice, and then
subjected to 15% native PAGE in TBE 1X. Gels
were dried, exposed, and scanned as described
above. Radioactive bands were quantified and
annealing percentage was determined by divid-
ing the amount of annealed oligonucleotide (ds)
by the total amount (annealed plus single-
stranded (ss)) in each lane, and multiplying by
100 (% annealing¼ 100�ds/(dsþ ss)). Statisti-
cally significant differences were analyzed
using SigmaStat 3.11 software (SPSS, Inc.).
Oligonucleotides mobility controls were the not
annealed Comp-CT* probe alone, and the
completely annealed Comp-CT* probe heated
and slowly cooled in the presence of unlabeled
CT probe.

Melting Assays

For these assays we used pairs of oligonucleo-
tides that form perfect or partially mismatched
duplexes. One of these oligonucleotides was
[32P]-50 end-labeled and the pre-annealed
duplexes (10 nM) were mixed in annealing
buffer with the indicated amount of protein
on ice. Tubes were incubated for 5 min at
the indicated temperatures in an Eppendorf
Thermocycler (Mastercycler Personal). After
the incubation at each temperature, a 5-ml
aliquot was removed and mixed with 5 ml of
ice-cold stop solution. Electrophoretical analy-
sis of the generated product was done as
described above using 15% native PAGE for
45-nucleotide-length duplexes or 25% native
PAGE for 12-nucleotide-length duplex. Gels
were dried, exposed, and scanned as described
above. Radioactive bands were quantified and
melting percentage was determined by dividing
the amount of melted oligonucleotide (ss) by the
total amount (annealed (ds) plus melted (ss)) in
each lane, and multiplying by 100 (% mel-
ting¼ 100� ss/(dsþ ss)). Melting temperatures
(Tm) were calculated as the temperature corre-
sponding to 50% melting from the sigmoidal
adjustment (SigmaPlot 9.0 software, SPSS,
Inc.) of themelting curves representingmelting
percentages versus temperature. Oligonucleo-
tides mobility controls were the not annealed
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labeled oligonucleotide alone (ss), and the
completely annealed labeled oligonucleotides
(ds, T¼ 48C).

RESULTS

CNBP Binds to X. Laevis L4 rp-mRNA 50 UTR
Forming a Unique Protein–RNA Complex

One of the proposed CNBP functions is the
rp-mRNAs translational inhibition through its
binding to rp-mRNA 50 UTRs [Pellizzoni et al.,
1998]. Although CNBP binding to RNA targets
was previously reported [Yasuda et al., 1995;
Pellizzoni et al., 1997, 1998; Calcaterra et al.,
1999; Armas et al., 2004], scant information

exists concerning CNBP binding behavior and
biochemical properties. Therefore, we further
studied the patterns and biochemical require-
ments of bCNBP binding to synthetic probes
that contain the 50 UTR sequence from the
X. laevis L4 rp-mRNA.

EMSAswere carried out using a recombinant
GST fusion to B. arenarum CNBP (GST-
bCNBP) and a 90-mer in vitro synthesized
RNA (RNA-L4-UTR), which contains the com-
plete (43-nucleotides-long) 50 UTR from the
X. laevisL4 rp-mRNA.GST-bCNBPwas unable
to shift RNA-L4-UTR probe in vitro by itself
(Fig. 1A), suggesting that some cellular factors
could be needed for the binding. As CNBP is

Fig. 1. bCNBP binding to L4 50 UTR RNA. EMSAs using labeled
RNA containing the 50 UTR sequence fromX. laevis L4 rp-mRNA
(RNA-L4-UTR) as a probe. A: EMSA carried out with increasing
amounts of GST-bCNBP. Embryonic extracts were added alone
or in combination with the highest GST-bCNBP concentration.
Embryonic extracts from egg, blastula, and gastrula stages were
used in a final concentration of 200 ng/ml (left gel) or 2, 10 and
50 ng/ml (right gel). Free and shifted probes are indicated by
arrows at the left of the figure. B: Super-shift EMSA performed
with egg extract, anti-bCNBP antibody (a-bCNBP), and both of
them. The antibody was pre-incubated with egg extract before
carrying out (~) or after finishing (*) the binding reaction. Shifted

and super-shifted probes are indicated by arrows at the left of the
figure. Control reactions were performed using equal volumes of
an affinity purified pre-immune serum subjected to the same
affinity antibody purification protocol carried out for obtaining
anti-CNBP antibody from immune serum. C: EMSA performed
with RNA-L4-UTR probe and increasing amounts of GST-
bCNBP. GST was used as control and 5 ng/ml of gastrula extract
was added to reaction mixtures. Free and shifted probes are
indicated by arrows at the left of the figure. D: Apparent Kd

calculation plot, linear regression of the free protein concen-
tration versus the [complex]/[free probe] ratio plot for the EMSA
shown in (C).
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required for embryonic development [Chen
et al., 2003; Abe et al., 2006; Weiner et al.,
2007] and shows a differential subcellular
localization depending on the developmental
stage [Armas et al., 2001, 2004], embryonic
extracts from stages before, during, and after
MBT were added to binding reaction mixtures.
For egg and blastula extracts, band-shifts
were observed even in absence of GST-bCNBP
(Fig. 1A). A unique complex was observed, even
in the presence of lower non-saturating extract
concentrations which leave some unshifted
probe (Fig. 1A, right side). Super-shift assays
were performed to address whether embryonic
bCNBP was actually forming part of the RNA–
protein complex. Figure 1B shows that the
complex formed with egg extract was super-
shifted by anti-bCNBP antibody added at the
end of the binding reaction, while complex
formation was completely impaired when the
anti-bCNBP antibody was pre-incubated with
the egg extract. In this experiment, the gel was
over-run to obtain maximal resolution of the
shifted and super-shifted species, thus causing
the loss of the free probe. These results
confirmed the presence of bCNBP in the EMSA
complexes formed by embryonic protein extrac-
ts with the RNA-L4-UTR probe.
It was noticeable that proteins from gastrula

extract were not able to bind RNA-L4-UTR per
se but, instead, this embryonic extract enabled
GST-bCNBP to bind to RNA probe causing a
shift. TheRNA-L4-UTR shiftmight be due to an
indirect CNBP-RNA interaction through poten-
tial cofactor(s) present in gastrula extract.
However, gastrula extract did not form a stable
complex detectable by EMSA unless exogenous
bCNBP was added. Taken together, our results
suggest that CNBP is not only present in RNA–
protein complexes, but also that its presence is
essential for complex formation. The effect of
gastrula extract was observed still when a 40-
fold dilution was used (Fig. S1, Supplementary
Material), suggesting that some catalytic cofac-
tor(s) are involved in the complex formation.
This finding agrees with a previous report that
showed that the Ro60 autoantigen acts catalyti-
cally in the alternative interaction of La and
CNBP with the 50 UTR of L4 rp-mRNA [Pelliz-
zoni et al., 1998]. The lowest gastrula extract
concentration tested that allowed the shift-
effect was 5 ng/ml (Fig. S1, Supplementary
Material). Consequently, this concentration
was used for the following GST-bCNBP RNA-

L4-UTR binding experiments. GST-bCNBP
binding to RNA-L4-UTR probe yielded a unique
complex, which increased in intensity along
with the increment of GST-bCNBP (Fig. 1C).
GST failed to bind RNA-L4-UTR probe proving
that bCNBP itself was involved in the inter-
action with the nucleic acid probe. The
sequence-specificity of GST-bCNBP binding
was demonstrated by the presence of large
excess of nucleic acid competitor in EMSAs
(see Materials and Methods Section) and by
competition with unlabeled specific and non-
specific probes (Fig. S2, Supplementary Mate-
rial). These facts allowed us to quantify binding
affinity by estimation of the apparent dissocia-
tion constant (Kd) for the equilibrium-binding
reaction (Fig. 1D). Apparent Kd estimated
values were completely reproducible for inde-
pendent experiments. An apparent Kd was
calculated for each of five independent EMSAs
and the averaged apparent Kd value was 9.5�
2.8 mM (mean of Kd�SEM, n¼ 5).

CNBP Binds ssDNA Representing X. Laevis
L4 rp-mRNA 50 UTR Forming Two

Protein–DNA Complexes

The bCNBP ssDNA binding capability was
further explored by using ssDNA probes repre-
senting the 50 UTR sequence from X. laevis L4
rp-mRNA (DNA-L4-UTR; see Table I) in
EMSAs. This oligonucleotide had previously
been used as a probe to evaluate CNBP nucleic
acid binding activity [Pellizzoni et al., 1997;
Armas et al., 2004; Lombardo et al., 2007]. GST-
bCNBP bound to DNA-L4-UTR probe (Fig. 2A)
with a two-complex binding pattern and there
was no need to add embryonic extracts for the
binding, indicating that GST-bCNBP was able
to bind per se the DNA-L4-UTR probe. As GST
did not cause the shift of the labeled DNA-L4-
UTR probe, the binding could be assessed
to bCNBP itself. The sequence-specificity of
bCNBP binding was demonstrated by the pre-
sence of a vast excess of competitor nucleic acid
in ssDNA-EMSAs (see Materials and Methods
Section), and by competition with unlabeled
specific and non-specific probes (Fig. S3, Sup-
plementary Material).

The ssDNA binding capability of embryonic
bCNBP was analyzed using the DNA-L4-UTR
probe. A two-complex binding pattern was
also observed when embryonic extracts were
analyzed in EMSAs (Fig. 2B, third lane).
Both complexes showed higher electrophoretic
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mobilities than those formed by recombinant
GST-bCNBP (Fig. 2B, first lane), probably due
to the presence of the GST tag in the recombi-
nant protein. All embryonic extracts tested
were able to shift the probe and the two-complex
binding pattern was detected independently of

the developmental stage analyzed (Fig. S4,
Supplementary Material). The formation of
both complexes was impaired by the addition of
affinity-purified anti-bCNBP antibody (Fig. 2B,
fourth lane), suggesting that their formation
depended on embryonic bCNBP. The combina-

Fig. 2. bCNBP binding to L4 50 UTR ssDNA. A: EMSA
performed with increasing amounts of GST or GST-bCNBP and
a labeled ssDNA probe containing the complete sequence of 50

UTR from X. laevis L4 rp-mRNA (DNA-L4-UTR). Shifted bands
are indicated as 1 (higher mobility) or 2 (lower mobility). No
embryonic extract was added to reaction mixtures. B: EMSA
carried out with egg extract (lane 3), anti-bCNBP antibody
(a-bCNBP, lane 2), and both of them (lane 4). a-bCNBP was
pre-incubated with egg extract before the binding reaction was
carried out. GST-bCNBP binding reaction was used as a mobility
control (lane 1). Control reaction was performed using an
affinity purified pre-immune serum subjected to the same affinity
antibody purification protocol carried out for obtaining anti-
CNBP antibody from immune serum. Shifted bands are indicated

as 1 (higher mobility) or 2 (lower mobility) at the left of the figure
for GST-bCNBP, and at the right of the figure for embryonic
proteins. C: EMSA performed with increasing amounts of
GST-bCNBP and the labeled short RNA probe containing the
complete sequence of 50 UTR from X. laevis L4 rp-mRNA (sRNA-
L4-UTR) or the labeled DNA-L4-UTR probe (right). Shifted bands
are indicated as 1 (higher mobility) or 2 (lower mobility) at the
right of the figure. GST was used as a control. No embryonic
extract was added to reaction mixtures. D: Autoradiography of
the SDS–PAGE of the cross-linked binding reaction performed
with labeled DNA-L4-UTR probe and 5mM GST-bCNBP (lane 1).
In this reaction no embryonic extract was added. Radioactive
bands are indicated by arrow tips. Molecular mass markers
(lane 2) were stained with Coomassie Brilliant Blue.
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tion of GST-bCNBP with embryonic extracts
rendered several shift bands coincidentwith the
sum of the complexes formed by recombinant
and embryonic bCNBP independently (Fig. S5,
Supplementary Material).
As RNA-L4-UTR (90-nucleotide-long) probe

is longer than DNA-L4-UTR (43-nucleotide-
long), it could be possible that the differences
in CNBP binding pattern depended on the
length of the probes. To test this, we performed
EMSAs with ssDNA or RNA probes, but using a
short version of RNA-L4-UTR probe (sRNA-
L4-UTR, see Table I) that only contains the
complete 43-nucleotides-long 50 UTR sequence
from X. laevis L4 rp-mRNA. Figure 2C shows
that the electrophoretic mobility of the main
complex formedwith theRNAprobewas similar
to the CNBP–ssDNA complex that shows the
lower electrophoretic mobility.
To further establish the complexes stoichi-

ometry, SDS–PAGE of the cross-linked GST-
bCNBP and DNA-L4-UTR complexes was car-
ried out. Two bands of apparent Mr of 50,000
and 100,000 were observed, which were coinci-
dent with the expected Mr for GST-bCNBP
monomer and dimer respectively (Fig. 2D).
As the binding assay was performed without
addition of embryonic protein extract, this
result indicates that complexes observed in
EMSAs corresponded to GST-bCNBPmonomer
and dimer bound to DNA-L4-UTR. It is worth
mentioning that similar results were observed
using a recombinant bCNBP fused to an His6
tag (not shown) as well as zebrafish CNBP
[Armas et al., 2004].
When DNA-L4-UTR was used as molecular

probe, the dimeric complex was detected at
lower GST-bCNBP concentrations than those
needed to detect the monomeric complex
(Fig. 2A), suggesting that the GST-bCNBP
dimer may have higher affinity for DNA-L4-
UTR probe than the monomer. However, the
apparent Kd values calculated for GST-bCNBP
monomer and dimer binding to DNA-L4-UTR
did not show significant differences (Kd1¼
11� 1.9 mM for the monomer and Kd2¼ 4.9�
1.4 mM for the dimer; results are expressed as a
mean of the Kd�SEM, n¼ 5). Moreover, these
Kd values were similar to those calculated for
the RNA probes.
Results presented here indicate that CNBP

possess similar affinities for RNA and ssDNA
with identical sequences, but different nucleic
acid binding pattern according to the nature of

the target molecule. The differential behavior
may be due to the fact that RNA and ssDNA
probes show identical theoretically predicted
secondary structures but different calculated
stabilities (Fig. 3A). To analyze this possibility,
EMSA competition assays were performed to
compareRNAand ssDNAbinding features. The
binding of GST-bCNBP to labeled DNA-L4-
UTR probe was competed with increasing
amounts of different unlabeled probes, and the
disappearance of shifted species was evaluated
(Fig. 3B). Addition of 1,000-fold excess of the
unlabeledDNA-L4-UTRprobe competed for the
GST-bCNBP monomer binding to the labeled
DNA-L4-UTR, whereas little or no effect was
observed on the dimer complex formation. This
fact suggests that the bCNBP dimer may be
present at higher amounts. On the other hand,
addition of 1,000-fold excess of unlabeled RNA-
L4-UTR or sRNA-L4-UTR probes competed for
the GST-bCNBP dimer binding to the labeled
DNA-L4-UTR probe, with little or no conse-
quence in themonomer complex formation. The
addition of excess of unlabeled non-specific
probes did not change the binding pattern. In
the case of the competition with RNA-L4-UTR
probe, 5 ng/ml of gastrula extract was added to
the reaction mixtures in order to allow GST-
bCNBPbinding to this probe. This result clearly
shows the sequence-specificity of the binding
and confirms that the main complex observed
in RNA-EMSAs corresponds to GST-bCNBP
dimer bound to the RNA-L4-UTR probe. Taking
into account that bCNBP dimer binding to
DNA-L4-UTR was more effectively competed
by RNA-L4-UTR than by DNA-L4-UTR, it
seems possible that the bCNBP dimer prefers
RNA instead of ssDNA targets.Moreover, these
results set out the possibility that GST-bCNBP
dimers and monomers are non-interconvertible
forms that bind nucleic acid targets as pre-
formed species.

CNBP Preferentially Targets Single-Stranded
Nucleic Acids Containing G-Rich Unpaired

Stretches Constrained by an Organized
Sequence Environment

Asystematic analysis of different oligonucleo-
tide probeswas performed to elucidate themain
structural features of CNBP targets. Several
oligonucleotides were designed by nucleotide
replacement or deletion mutagenesis of the
DNA-L4-UTR target. Two base-replacement
mutant probes were designed to disrupt
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stretches of secondary structure (DNA-L4-
UTR-1 and 3; see Table I and Fig. 4A), while
other twomutantswere designed to compensate
them and restore the original secondary struc-
ture (DNA-L4-UTR-2 and 4 respectively; see
Table I and Fig. 4A). In addition, four deletion
mutant probes were designed to eliminate
single-stranded loops andbubbles deduced from
DNA-L4-UTR secondary structure (DNA-L4-
UTR-5 to 8; see Table I and Fig. 4B). As
the DNA-L4-UTR-1 mutant probe showed a
novel secondary structure (Fig. 4C), two addi-
tional deletion mutant probes were designed in
order to eliminate the single-stranded ends
present in it (DNA-L4-UTR-F1 and -F2; see
Table I and Fig. 4C). DNA-L4-UTR-1 was the
only probe bound by GST-bCNBP with a
significant higher affinity (tenfold lower Kd

values) than DNA-L4-UTR (Figs. 4A and 5).
The compensating mutation in the DNA-L4-
UTR-2 probe restored the original binding
affinity. DNA-L4-UTR-5 and -6 were bound by
GST-bCNBP with significant lower affinities
(tenfold higher Kd values) than DNA-L4-UTR
(Figs. 4B and 5). DNA-L4-UTR-F1 and -F2were
not bound by GST-bCNBP (Fig. 4C). A direct
relationship between the CNBP binding affin-
ities and the number of unpaired guanosines in
the probes was detected (Fig. 5, top chart). To
further explore this, a set of artificial probeswas

designed with the aim of increasing the number
of unpaired guanosines (DNA-L4-UTR-1-M1,
-M2, and -M3; see Table I). It is important to
note that these probes differ from the DNA-L4-
UTR-1 only in the number of unpaired guano-
sines, conserving the secondary structure and
stability. EMSAs showed that the rise in the
number of unpaired guanosines was directly
relatedwith a statistically significant increment
of bCNBP binding affinity, reaching a plateau
above 18 unpaired guanosines (Figs. 4D and 5).

On the other hand, to test whether the guano-
sine nucleobase preference was dependent
on the sequence complexity and/or secondary
structure, a set of four homo-oligonucleotidic
probes (A-25, C-25, G-25, T-25, see Table I) was
assayed. It is worth mentioning that these
probes did not show stable predicted secondary
structures. EMSAs showed very weak and
probably unspecific interactions with C-25,
G-25, and T-25 probes. There was no detectable
interaction with the A-25 probe (Fig. S6,
Supplementary Material). These results indi-
cate that the bCNBP preference for unpaired
guanosine nucleobases depends on the sequen-
ce and structural complexity of the target.
Taken together, it would be possible to propose
that the observed binding affinities differ-
ences were due to a strong CNBP binding to
guanosine-rich single-stranded stretches, which

Fig. 3. Comparison of bCNBP binding to L4 50 UTR ssDNA and
RNA. A: Predicted secondary structures and stabilities of RNA
and ssDNA probes representing the 50 UTR from X. laevis L4 rp-
mRNA. B: Competition EMSA using labeled DNA-L4-UTR probe
and 5 mM GST-bCNBP. Competitions were done with 25-,
100-, and 1,000-fold excess of unlabeled probes: DNA-L4-UTR,

RNA-L4-UTR, poly (dI:dC), sRNA-L4-UTR, antisense RNA-L4-
UTR (aRNA-L4-UTR), and non-specific competitor (nsc) as
indicated. In the case of unlabeled RNA-L4-UTR probe, 5 ng/ml
of gastrula extract was added to the reaction mixture. Shifted
bands are indicated by arrows as 1 (monomer) or 2 (dimer) at the
left of the figure.
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Fig. 4. bCNBP binding to L4 50 UTR mutant probes. A: Left,
DNA-L4-UTR base-replacement mutant probes. Arrows indicate
the replaced nucleotides in each mutant probe. Base-replace-
ments in DNA-L4-UTR-1 and DNA-L4-UTR-3 disrupt stretches
of secondary structure while mutations in DNA-L4-UTR-2 and
DNA-L4-UTR-4 respectively compensate the previous ones and
restore the original predicted secondary structure. The secondary
structures of the mutant probes are not shown since they were as
theoretically expected except for the DNA-L4-UTR-1 probe,
which showed a new alternative secondary structure (shown in
item (C) of this figure). Right: EMSA performed with each of the
left represented labeled probes and increasing amounts of GST-
bCNBP. B: Left, DNA-L4-UTR deletion mutant probes. The
nucleotides removed in each deletion mutant probe (DNA-L4-
UTR-5 to 8) are enclosed. Right: EMSA performed with each of

the left represented labeled probes and increasing amounts of
GST-bCNBP. C: Left, DNA-L4-UTR-1 predicted secondary
structure. The nucleotides removed in the deletion mutant
probes DNA-L4-UTR-F1 and -F2 are enclosed. Right: EMSA
performed with the left represented labeled probes and increas-
ing amounts of GST-bCNBP. D: EMSA performed with the DNA-
L4-UTR, DNA-L4-UTR-1, DNA-L4-UTR-1-M1, -M2, and -M3
labeled probes and increasing amounts of GST-bCNBP. The
predicted secondary structures for DNA-L4-UTR-1-M1, -M2,
and -M3 probes are identical to the one predicted for DNA-L4-
UTR-1 and are equally stable. EMSAs shown in (A–C) were
performed using 0.15, 0.5, and 1.5mM of GST-bCNBP while GST
was used at 1.5mM as control. EMSA shown in (D) was performed
using 1.5, 5, and 15 nM of GST-bCNBP while GST was used as
control at 15 nM.
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might be favored to interact through a spatial
position constrained by the target secondary
structure.

CNBP Binds the Purine-Rich Strand of c-Myc CT
Element Mainly as a Monomer

CNBP had been reported acting as an up-
regulator of the human c-Myc protooncogene
through binding to the CT promoter element
[Michelotti et al., 1995]. Thus, the second group
of tested probes was conformed by a pair of
complementary oligonucleotides that form a
perfect duplex representing the CT element
(CT and Comp-CT, see Table I and Fig. 6A).
These oligonucleotides span the region �135 to
�91 upstream the c-Myc P1 promoter and
include three of the five almost perfect tandem
repeats of the CT-element (CCCTCCCC) [Des-

Jardins and Hay, 1993]. Both oligonucleotides
were labeled and used separately as ssDNA
probes or annealed as dsDNA probe for EMSAs.
GST-bCNBP was able to bind to the Comp-CT
strand but not to the CT strand (Fig. 6B) nor to
the dsDNACTprobe (Fig. 6C), evenwhen10mM
GST-bCNBPwasadded (not shown).Thesedata
are in agreement with the previously proposed
action of CNBP as an ssDNA binding tran-
scription factor that recognizes the purine-rich
strand opposite to the pyrimidine-rich strand
bound by hnRNP K [Michelotti et al., 1995].
CNBP inability to bind the dsDNA confirms the
single-stranded preference previously suggest-
ed [Rajavashisth et al., 1989; Flink andMorkin,
1995a]. There was no need to add embryonic
extract to achieve GST-bCNBP binding to the
Comp-CT probe, resembling the DNA-L4-UTR

Fig. 5. Correlation of bCNBP binding affinities to L4 50 UTR
mutant probes and the number of unpaired guanosines. Bar
charts representing the total number of unpaired guanosines (G)
in the predicted secondary structure of each analyzed probe (top
chart), and the relative GST-bCNBP apparent Kd for each of the
analyzed probes in respect of the apparent Kd for DNA-L4-UTR
probe (bottom chart, means� SEM, n¼3, logatythmic scale).
The left charts show the analysis of the L4 50 UTR mutant probes

that were designed to disrupt secondary structure or to eliminate
single-stranded regions (DNA-L4-UTR-1 to -8). The right charts
show the analysis of the DNA-L4-UTR-1-M1 to -M3 mutant
probes designed to increase the unpaired guanosines number in
the DNA-L4-UTR-1 structure. * Indicates P<0.05 in respect of
the apparent Kd for DNA-L4-UTR probe (One-way ANOVA,
Student–Newman–Keuls Method).
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binding requirements. Yet, only one main
complex was observed with a calculated appa-
rent Kd1¼ 0.43� 0.18 mM, tenfold lower than
Kds for DNA-L4-UTR.

Comp-CT probe was bound by proteins from
embryonic extracts in a two-complex pattern
compatible with the monomer and dimer bind-
ing profile described for DNA-L4-UTR (Fig. 6D,
third lane). The formation of both complexes
was impaired by the addition of affinity-purified
anti-bCNBP antibody (Fig. 6D, fourth lane),
suggesting that their formation depended on
embryonic bCNBP. The main detectable com-
plex formed by GST-bCNBP presented an
intermediate electrophoretic mobility between
the complexes observed with embryonic
extracts. Considering the pattern observed for
DNA-L4-UTR binding, this result suggests that
the monomer is the major GST-bCNBP form
that interacts in vitro with the Comp-CT probe.
In order to test this, the stoichiometry of the
cross-linked complexes was determined by
SDS–PAGE (Fig. 6E). Two complexes were
observed with apparent Mr of 50,000 and
100,000, which were coincident with the
expected Mr for the cross-linked GST-bCNBP
monomer and dimer, respectively. The main
complex was the one corresponding with the
molecular mass of the monomer. Therefore, the
results reported here not only confirm that
CNBP binds to the purine-rich strand of the
duplex assayed, that is, Comp-CT probe, but
also show that CNBP binds this ssDNA mainly
as a monomer. Dimeric complex formation was
observed when higher CNBP concentrations
were assayed.

CNBP Binding to the Purine-Rich Strand of the
c-Myc CT Element Depends on the Number

of Unpaired Guanosines

The CT element controls up to 75–95% of the
c-Myc transcription (Liu and Levens, 2006;
Yang and Hurley, 2006). Due to the high
sensitivity of this DNA segment to DNase I
and S1 nuclease it is termed the nuclease-
hypersensitive element III1 (NHE III1) [Sieben-
list et al., 1984; Yang and Hurley, 2006]. The
purine-rich strand of NHE III1 adopts a very
stable intrastrand fold-back DNA tetraplex,
called G-quadruplex or G-quartet, which
requires potassium ions for stability in vitro
and was proposed as a critical component of the
c-Myc transcriptional silencing mechanism
[Simonsson et al., 1998; Siddiqui-Jain et al.,

Fig. 6. bCNBP binding to c-Myc promoter CT element.
A: Predicted secondary structures and stabilities of ssDNA
probes representing sense and antisense strands of the CT
promoter element of the human c-Myc protooncogene (CT and
Comp-CT). B: EMSAs using increasing amounts of GST-bCNBP
and both labeled oligonucleotides separately as ssDNA probes
and (C) annealed as dsDNA probe. GST was used as control. D:
EMSA carried out with egg extract (lane 3), anti-bCNBP antibody
(a-bCNBP, lane 5), and both of them (lane 4). a-bCNBP was pre-
incubated with egg extract before the binding reaction was
carried out. GST-bCNBP binding reaction was used as a mobility
control (lane 1). Control reaction was performed using an
affinity purified pre-immune serum subjected to the same affinity
antibody purification protocol carried out for obtaining anti-
CNBP antibody from immune serum. Putative monomeric (1)
and dimeric (2) complexes are signaled. D: Autoradiography of
the SDS–PAGE of the cross-linked binding reaction performed
with 10 mM GST-bCNBP and labeled Comp-CT probe (left lane).
In this reaction no embryonic extract was added. Radioactive
bands are indicated by arrow tips. Molecular mass markers
(right lane) were stained with Coomassie Brilliant Blue.
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2002; Seenisamy et al., 2004; Yang and Hurley,
2006]. In view of these data, we analyzed the
structural features of the CT element taking
into account not only the predicted secondary
structure, but also the atypical and stable G-
quadruplex.

To test the influence of G-quadruplex on
CNBP nucleic acid binding behavior, a set of
oligonucleotides which had been previously
analyzed [Siddiqui-Jain et al., 2002; Seenisamy
et al., 2004; Yang and Hurley, 2006] were
used as probes in EMSA. Probes used were
a 18-nucleotide-long probe corresponding to
the minimal sequence involved in the c-Myc
NHE III1 G-quadruplex (Comp-CT-18, see
Table I) and a mutant probe that has two
adenine instead of guanosine residues, thus,
impairing the G-quadruplex formation (Comp-
CT-18-M, see Table I). Furthermore, the G-
quadruplex control probes thrombin-binding
aptamer (TBA, see Table I), and HIV-inte-
grase-binding oligonucleotide (T30695, see
Table I) were analyzed. None of these four
probes showed stable predicted secondary
structures. EMSAs were performed in sodium
or potassium conditions with identical results
(Fig. 7A, only sodium condition EMSA is
shown). Compared with the Comp-CT probe,
GST-bCNBP binding affinities for the G-quad-
ruplex forming probes were significantly lower
(Fig. 7A,E). GST-bCNBP binding affinities for
Comp-CT-18-M and for Comp-CT-18 were not
significantly different, suggesting that binding
affinities are not directly dependent on G-
quadruplex formation. In addition to this, the
affinity of bCNBP for the DNA-L4-UTR-1-M2
probe, which has the consensus motif for stable
G-quadruplex formation (G3-5 N1-7)4 [Huppert
and Balasubramanian, 2005], and for the DNA-
L4-UTR-1-M3 probe, which is theoretically
incapable of forming stable G-quadruplex, were
not significantly different (see Figs. 4D and 5),
even when tested in potassium condition
EMSAs (not shown).

From the analysis of the G-quadruplex form-
ing probes it was noticeable that those probes
with lower affinities (i.e., statistically signifi-
cant higher Kds) than Comp-CT probe, con-
tained lower number of unpaired guanosines
(Fig. 7E). This finding was further explored by
designing a systematic group of Comp-CT
mutant probes that were tested by EMSA. A
base-replacement mutant probe disrupted
the secondary structure and its compensating

mutant probe restored the original secondary
structure (Comp-CT-1 and -2, respectively; see
Table I and Fig. 7B,C). Two deletion mutant
probes were designed in order to eliminate the
single-stranded ends present in the Comp-CT
predicted secondary structure (Comp-CT-37
and Comp-CT-23; see Table I and Fig. 7B,D).
Another tested probe consisted in a single CT
element repeat and no stable predicted secon-
dary structure (Comp-CT-12; see Table I and
Fig. 7D).Among these probes, onlyComp-CT-12
and Comp-CT-23 were bound by GST-bCNBP
with significant differences in affinities com-
pared to the Comp-CT probe, showing more
than 10-fold increases in Kd values (Fig. 7D,E).
It is worth noticing that these probes, which
have significantly higherKd values, contain less
unpaired guanosines than Comp-CT (Fig. 7E).

Taken together, the data from the simulta-
neous analysis of CNBP apparent Kds and
the number of unpaired guanosines in the
probes support the hypothesis that CNBP
would prefer binding to guanosine-rich single-
stranded stretches in a spatially constrained
environment.

CNBP May Function as a Nucleic
Acid Chaperone Protein

The unique structural characteristics of
CNBP, which has no apparent functional
domains other than the CCHC Zn knuckles
and the RGG box, suggest that the mechanism
of any kind of action of this protein may depend
on the biochemical characteristics of these
domains. CCHC zinc knuckles as well as the
RGG box are often present in proteins that act
as nucleic acid chaperones. Indeed, the zinc
knuckles from HIV-1 NC protein are essential
for virus cycle and they are important compo-
nents, together with a basic amino acid back-
ground, for the in vitro nucleic acid chaperone
activity [Rein et al., 1998; Levin et al., 2005].
The RGG box is ubiquitous in proteins involved
in diverse aspects of RNA metabolism such
as nucleolin, hnRNP A1, and FMRP, and has
been proposed as a participant in nucleic acid
chaperone activity [Munroe and Dong, 1992;
Hanakahi et al., 2000; Gabus et al., 2004]. On
the other hand, CNBP was proposed to partic-
ipate together with La and Ro60 autoantigens
in the regulation of the translational fate of the
L4 rp-mRNA [Pellizzoni et al., 1998], and with
hnRNP K in the binding of the CT sequence
element participating in c-Myc transcriptional
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Fig. 7. bCNBP binding to Comp-CT mutant probes and G-
quadruplex forming probes. A: EMSA performed with Comp-CT,
Comp-CT-18, Comp-CT-18-M, TBA and T30695 labeled probes
and increasing amounts of GST-bCNBP. B: Comp-CT mutant
probes. Arrows indicate the replaced nucleotides in each mutant
probe. Base-replacements in Comp-CT-1 disrupt a stretch
of secondary structure while mutations in Comp-CT-2 compen-
sate the previous ones and restore the original predicted
secondary structure. The nucleotides removed in each deletion
mutant probe (Comp-CT-37 and Comp-CT-23) are enclosed.
C: EMSA performed with Comp-CT, Comp-CT-1 and Comp-CT-2
labeled probes and increasing amounts of GST-bCNBP. D: EMSA

performed with Comp-CT, Comp-CT-37, Comp-CT-23, and
Comp-CT-12 labeled probes and increasing amounts of GST-
bCNBP. EMSAs shown in (A,C,D) were performed using 50, 150,
and 500 nM of GST-bCNBP while GST was used at 500 nM as
control. E: Bar charts representing the total number of unpaired
guanosines (G) in the predicted secondary structure of each of the
analyzed probes (top chart), and the relative GST-bCNBP
apparent Kd for each analyzed probe in respect of the apparent
Kd for Comp-CT probe (bottom chart, means� SEM, n¼3,
logatythmic scale was used). * IndicatesP< 0.05 in respect of the
apparent Kd for Comp-CT probe (One-way ANOVA, Student–
Newman–Keuls Method).

CNBP Functions as a Nucleic Acid Chaperone 1027



activation [Michelotti et al., 1995]. The three
proposedCNBPpartners arenucleocytoplasmic
shuttling RNA-binding proteins that display
nucleic acid structure remodeling activities
[Tomonaga et al., 1998; Krecic and Swanson,
1999; Fabini et al., 2000; Maraia and Intine,
2002; Ivanyi-Nagy et al., 2005]. To test whether
CNBP may act as a nucleic acid chaperone, we
analyzed several CNBP structural and bio-
chemical properties. First, we analyzed CNBP
primary structure using the DisProt VL3-E
online predictor [Peng et al., 2005]. It was
proposed that proteins with nucleic acid chap-
erone functions have the highest frequency of
disorganized structure among different protein
classes, with more than half of all amino acids
residues situated in putative unstructured seg-
ments [Tompa and Csermely, 2004]. These
intrinsically unstructured regions provide a
platform for interactionwith a variety of nucleic
acid targets, thus making these proteins suit-
able for integrating gene expression control
signals in the cell through chaperone activity

[Ivanyi-Nagy et al., 2005]. Figure 8 shows large
amino acid segments predicted as highly
intrinsically unstructured in the CNBP struc-
ture.

Second, as nucleic acid chaperones promote
the annealing of complementary strands [Mun-
roe andDong, 1992; Rein et al., 1998; Hanakahi
et al., 2000; Martin and Bushman, 2001; Levin
et al., 2005], we assayed CNBP annealing
promotion using CT and Comp-CT oligonucleo-
tides (Fig. 9A) and increasing amounts of GST-
bCNBP.The assayedmolar protein/probe ratios
were from 1:10 to 30:1, observing faster anneal-
ing rates than controls above 3:1 protein/probe
molar ratios. The highest annealing rate was
observed using molar ratios of 10:1 (tenfold
excess of fusion protein over probes), reaching
approximately 55% annealing at 30 min
(Fig. 9B).This valuewas statistically significant
and was near the maximum obtained in the
assay, as shown in the completely annealed
control (Fig. 9C). Molar ratios higher than 10:1
caused a decrease in annealing promotion

Fig. 8. Prediction of bCNBP intrinsically unstructured regions. A: bCNBP domain structure scheme.
Numbers below the scheme indicate the amino acid position in the protein sequence. B: Prediction of
bCNBP intrinsically unstructured regions using the DisProt VL3-E predictor. A score above or equal to
0.5 predicts an amino acid in a disordered environment.
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activities (Fig. 9B,C) and no differences were
observed with incubations longer than 30 min.
GST did not cause changes in the annealing
kinetics comparedwith controls, indicating that
bCNBP itself was responsible for the observed
effect. It is worth mentioning that the protein/
probe ratio 10:1, which represents a molar
nucleotide/protein ratio of ffi8:1, is similar to
the optimal ratio obtained for the HIV-1 NC
protein [Rein et al., 1998; Levin et al., 2005], and
is in the same range as the determined for other
nucleic acid chaperones like nucleolin [Hana-

kahi et al., 2000], FMRP [Gabus et al., 2004],
and hnRNP A1 [Munroe and Dong, 1992].

Finally, we analyzed CNBP melting promo-
tion activity taking into account that nucleic
acid chaperones cause nucleic acid duplex dena-
turation [Martin and Bushman, 2001; Levin
et al., 2005]. Melting assays were performed
using CT-12 and Comp-CT-12 oligonucleotides
(see Table I and Fig. 10A), and CT and either
Comp-CTorComp-CT-M2oligonucleotides that
form a perfect duplex or a mismatched duplex,
respectively (see Table I and Fig. 10D1,E1).

Fig. 9. bCNBP nucleic acid annealing promotion activity.
A: Scheme of the annealing assay using labeled Comp-CT and
unlabeled CT oligonucleotides. * Indicates the 32P-labeled strand.
B: Annealing assay performed without added protein or with
increasing amounts (threefold serial increments from 0.03 to
0.3mM) of GST-bCNBP. A reaction using 0.3mM GST was carried
out as a control. The last lane at the right corresponds to the
labeled Comp-CT probe alone. For each protein concentration,
reactions were sampled at 0, 1, 3, 10, and 30 min. Single-
stranded (ss) and double-stranded (ds) probes are indicated at the
right of each figure. The molar protein/probe ratio is indicated for

each protein concentration. C: Plots of the annealing percentages
(%) obtained in (B) versus time, represented as the average of
three independent experiments. Annealing was analyzed for no
protein (*), 0.3 mM GST (!), and 30 nM (~), 0.1 mM (*), and
0.3 mM (&) GST-bCNBP. D: Bar chart representing annealing
percentage (%) obtained at 30 min (means� SEM, n¼ 3).
GST-bCNBP concentrations ranging from 1 nm to 0.3 mM were
analyzed. Completely annealed reactions (annealed CTþ
Comp-CT) were used as control of the maximum expected
annealing percentage. ** Indicates P< 0.01 in respect of the
controls (One-way ANOVA, Tuckey test).

CNBP Functions as a Nucleic Acid Chaperone 1029



Melting curves were performed with increasing
amounts of GST-bCNBP atmolar protein/probe
ratios ranging from 1:1 to 1,000:1. The assayed
temperatures were not higher than 608C, since

this temperature was experimentally deter-
mined as the GST-bCNBP thermal denatura-
tion value (Fig. S7, Supplementary Material).
For the CT-12/Comp-CT-12 duplex the effects

Fig. 10.
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on melting temperature became evident at
protein/probe ratios over 100:1. The maximal
effect (Tm& 308C) was observed at a 1,000:1
protein/probe ratio (Fig. 10B,C). GST did not
cause changes in the melting compared with
controls, indicating that bCNBP itself was
responsible for themelting effect. Protein/probe
ratios of 100:1 and 1,000:1, which represent
molar nucleotide/protein ratios between 1:5 and
1:50, are in the same range as the ones
determined for other nucleic acid chaperones
[Tsuchihashi and Brown, 1994]. To analyze the
effect of GST-bCNBP on the melting of longer
DNA duplexes, the assay was performed using
CT/Comp-CT perfect duplex (Fig. 10D1,D2,F).
No evident effect of GST-bCNBP on themelting
temperature was observed. However, when
melting assay was performed using CT/Comp-
CT-M2 mismatched duplex (Fig. 10E1,E2,F) a
noticeable effect of GST-bCNBP on the melting
temperature was evident (Tm& 408C). GST
did not cause changes in the melting profile
compared with controls, indicating that the
observed effect is caused by bCNBP. bCNBP
promoted the melting of a mismatched duplex
(CT/Comp-CT-M2) but failed to promote the
melting of an stable 45-bp-long perfect duplex
(CT/Comp-CT), suggesting that CNBP targets
for melting activity are partial unpaired
duplexes. In the case of CT-12/Comp-CT-12
duplex, as this is a shorter duplex than CT/
Comp-CT and, consequently, less stable, it may
experience transient partial denaturations that
could be recognized by bCNBP allowing it to
promote the duplexmelting. On the other hand,
EMSAs performed using partially mismatched
duplexes (CT/Comp-CT-M2 and CT/Comp-CT-
37) showed thatGST-bCNBPshifted the labeled
probes (Fig. S8, Supplementary Material).
Thus, it seems that bCNBP is unable to bind to

CT/Comp-CT perfect duplex (see Fig. 6C) while
it actually binds partially mismatched
duplexes, probably through recognition of
unpaired nucleotides. Based on these data, it
is tempting to speculate that CNBP binding to
partially mismatched probes might be a con-
sequence of the bCNBP-favored melting and
subsequent binding to the labeled single-
stranded molecule.

CNBP annealing and melting promotion
activities may be the biochemical basis to
explain the broad-spectrum functions and the
diversity of processes wherein CNBP has been
implicated, and may help to merge all the
proposed actions of this protein over nucleic
acids in a unique biochemical way of action: the
nucleic acid chaperone activity.

DISCUSSION

Themain goal of thisworkwas to gain further
insights into the CNBP single-stranded nucleic
acid binding features and the identification and
characterization of CNBP main biochemical
activities. We aimed our work to find CNBP
features that would explain how this protein
may be involved in several gene expression
regulation pathways.

Main Features of CNBP Binding to Single-
Stranded Nucleic Acid Targets

The experiments on CNBP nucleic acid bind-
ing were mainly aimed to establish CNBP
binding pattern behavior and biochemical
requirements. Our data contribute to the
knowledge of the binding stoichiometry and
structural characterization of the bound single-
stranded nucleic acids and, thus, begin to
dissect the main features of putative CNBP
cellular nucleic acid targets.

Fig. 10. bCNBP melting promotion activity. A: Scheme of the
melting assays using a duplex formed by pre-annealed labeled
Comp-CT-12 and unlabeled CT-12 oligonucleotides. * Indicates
the 32P-labeled strand. B: The melting assay represented in (A)
was performed with no protein or increasing amounts (threefold
serial increments from 1 to 10 mM) of GST-bCNBP. A control
reaction was carried out adding 10 mM GST. The ‘‘ss control’’
corresponds to the single-stranded labeled Comp-CT-12 probe.
The calculated melting temperatures (Tm) and the molar protein/
probe ratio are indicated for each condition. Single-stranded (ss)
and double-stranded (ds) probes are indicated at the left of each
gel. C: Graph representing the melting curves (plot of the melting
percentages vs. temperature) from (B) used for melting temper-
atures (Tm) calculations. Three independent experiments were

performed for each condition. D1: Scheme of the melting assay
using a duplex formed by pre-annealed labeled Comp-CT and
unlabeled CT oligonucleotides. D2: The melting assay repre-
sented in (D1) was performed with no protein or 10 mM (1,000:1
protein/probe ratio) GST-bCNBP or GST. E1: Scheme of the
melting assay using a duplex formed by pre-annealed labeled
Comp-CT-M2 and unlabeled CT oligonucleotides. E2: The
melting assay represented in (E1) was performed with no protein
or 10 mM (1,000:1 protein/probe ratio) GST-bCNBP or GST. The
‘‘ss control’’ corresponds to the single-stranded labeled CT
probe. F: Graph representing the melting curves (plot of the
melting percentages vs. temperature) from (D1) and (E1) used for
melting temperatures (Tm) calculations. Three independent
experiments were performed for each condition.
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bCNBP from embryonic developmental
stages previous to MBT was able to bind the
single-stranded nucleic acid probes, RNA or
DNA, containing the sequence from the 50 UTR
from X. laevis L4 rp-mRNA. On the contrary,
bCNBP from developmental stages posterior to
MBT, did not bind the RNA probe (Fig. 1A) and
bound the ssDNAprobewith lower affinity (Fig.
S4). These results suggest that beyond MBT
embryos contain either lower amounts or less
available bCNBP. CNBP changes its sub-cellu-
lar localization from cytoplasm to nuclei beyond
MBT [Armas et al., 2001; Armas et al., 2004]. It
would be possible that the signal causing the
CNBPsub-cellular localization changemayalso
be affecting its nucleic acid binding behavior.
The MBT determines the beginning of zygotic
transcription [Newport and Kirschner, 1982]
and, consequently, embryonic CNBP may be
engaged in binding to newly synthesized RNAs
and/or to transcriptional control elements of
developmentally regulated genes. Therefore,
beyond MBT CNBP may interact with nuclear
targets that block its binding site, making it
inaccessible to the external probes used in
EMSAs.

Recombinant CNBP bound RNA as well as
ssDNA probes, but with some differences
according to the nature of the nucleic acid
molecule. Previous reports proposed the exis-
tence ofmonomer-dimerCNBP formsbinding to
nucleic acid targets [Pellizzoni et al., 1998;
Armas et al., 2004]. Our results from UV
cross-linking, EMSA and competition EMSA
showed that dimer binds to nucleic acids target
as a pre-formed species, suggesting the exis-
tence of non-interconvertible monomeric and
dimeric CNBP forms co-existing in solution.
Competition EMSA also revealed differences
in the stoichiometry of complexes formed
between GST-bCNBP and ssDNA or RNA
probes. GST-bCNBP bound ssDNA asmonomer
and dimer while RNA was only bound by GST-
bCNBP dimer. It was proposed that the L4 rp-
mRNA 50 UTR contains two independent CNBP
binding sites that rely on its secondary struc-
ture [Pellizzoni et al., 1998]. Since the
predicted secondary structures of ssDNA and
RNAprobes are identical, the difference in their
stabilities may cause the exposure or hiding of
alternative binding sites determining thediffer-
ence in complexes stoichiometries. Indeed, the
RNA probe displays a more stable secondary
structure and, thus, may expose CNBP dimer

binding sites. The lower stability of ssDNA
probe secondary structure may enable it to
explore alternative conformations allowing it to
adopt another conformation able to be bound by
the CNBP monomer. In a similar fashion, the
Comp-CT probe secondary structure stability
may allow it to be bound by themonomericGST-
bCNBP while little interaction may occur with
the dimeric CNBP form.

CNBP Preferred Targets Contain G-Rich
Single-Stranded Stretches

The main structural features of putative
CNBP nucleic acid targets were analyzed by
means of sets of artificialmutant probes system-
atically designed from theL4-50UTRandComp-
CT CNBP targets. The analysis was performed
taking into account the predicted secondary
structures and other atypical structures possi-
bly displayed by each of the assayed probes.

From the analysis of DNA-L4-UTR and
Comp-CT probes and their derivatives it was
evident a direct correlation between the CNBP
binding affinity and the amount of unpaired
guanosines present in the probes. On the other
hand, the assays performed with homopoly-
meric probes suggest that the G-rich single-
stranded stretches need a sequence and/or
structural constrain to be bound by CNBP.
These findings agree with data from the
literature which show that other CNBP single-
stranded nucleic acid target sequences, for
example, the sterol regulatory element (SRE,
GTG(G/T)GGTG) [Rajavashisth et al., 1989],
the distal suppressor sequence from the human
b-myosin heavy chain (MHC, GTGGTCGTG)
[Flink and Morkin, 1995a], the JC virus early
promoter-enhancer (JCV(E)) tandem pentanu-
cleotide repeat element (AGGGAAGGGA) [Liu
et al., 1998], the macrophage colony-stimulat-
ing factor (M-CSF or CSF-1) promoter region
upstream the phorbol ester-responsive element
(CTCAGTGGGCCTCTGGGGTGTA) [Konicek
et al., 1998], and the 50 region of rat c-Myc pre-
mRNA intron 1 (AGUUGGGGUGGA) [Yasuda
et al., 1995] are mainly composed by guanosine-
rich stretches. The CNBP preference for gua-
nosine nucleotides is coherent when CNBP
structural motifs are considered. Structural
studies of the HIV-1 NC protein revealed that
each of the CCHC zinc knuckles bind to one
exposed guanosine base located in a single-
stranded G-rich loop. HIV-1 NC protein binds
its target in a mutually induced fashion, in
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which NC protein pulls unstacked guanosines
into hydrophobic clefts on the surface of the zinc
knuckles [De Guzman et al., 1998; Amara-
singhe et al., 2000]. On the other hand, the
RGG box motif interacts with nucleic acids in a
sequence-unspecific manner by electrostatic
interactions between the positively charged
Arg residues and the negatively chargednucleic
acids phosphate backbone, disrupting the
nucleic acids secondary structure byunstacking
adjacent bases through intercalation of the
aromatic residues present in the RGG motif
[Raman et al., 2001]. However, the concept of
the RGG box as a non-specific binding motif has
changed since the RGG box was demonstrated
to act as a sequence-specific binding domain
for the fragile X mental retardation protein
(FMRP), that recognizes guanosine-rich sequ-
ences that fold into G-quadruplex [Darnell
et al., 2004].
We considered the possibility that the pre-

ferred CNBP targets were nucleic acid folded
into G-quadruplex bearing in mind that CNBP
preferred targets should contain unpaired G-
stretches interspersed with other nucleotides.
In our assays, no significant differences were
detected when comparing bCNBP binding
behavior to probes potentially able to form the
G-quadruplex and probes impaired to form
them. Instead, the analysis of these probes
allowed us to reinforce the hypothesis that the
main feature of CNBP putative targets are the
number of unpaired guanosines constrained in
their spatial position by the secondary struc-
ture.
Taken together, here we propose that CNBP

preferred targets are single-stranded nucleic
acids, either RNA or DNA, containing unpaired
guanosine-rich stretches. In a similar fashion
than retroviral NC protein, CNBP binding to its
targets may involve a co-folding of the protein
and the single-stranded nucleic acid during the
interaction, which may cause the entrance of
guanosine nucleobases to the pockets formed
by the CCHC zinc knuckles and the RGG
box. CNBP binding sequence specificity may
be favored by constrained spatial positions of
guanosine nucleobases governed by the target
secondary structure, whichmay not necessarily
imply the G-quadruplex folding.

CNBP May Function as Nucleic Acid Chaperone

Nucleic acid chaperones are nucleic acid
binding proteins that catalyze the rearrange-

ment and folding of nucleic acids into conforma-
tions that have the maximal number of base
pairs and form the thermodynamically most
stable three-dimensional structure needed for
biological function [Rein et al., 1998; Tompa and
Csermely, 2004; Ivanyi-Nagy et al., 2005; Levin
et al., 2005]. These chaperones assist folding by
randomly disrupting the misformed bonds via
repeated cycles of binding and release, allow-
ing the substrate to resume search in the
conformational space towards the global
energy minimum. As locally unpaired strands
of the substrates are kept at a close range by
the bound chaperone, this proximity limits the
subsequent conformational search and speeds
up the folding process. All these distinct
elements of rapid and versatile binding, local
unfolding, and proximal positioning of seg-
ments of the misfolded substrate by the flexi-
ble/disordered region(s) of chaperones were
assembled into an ATP-independent mechanis-
ticmodel of chaperoneaction called the ‘‘entropy
transfer model’’ [Tompa and Csermely, 2004].
The disordered structure predicted from CNBP
amino acid sequence, in addition to the anneal-
ing and melting promotion activities, strongly
suggests that CNBP functions as a nucleic acid
chaperone. Internal mismatches of preformed
mismatched duplex substrates may be recog-
nized and bound by CNBP as local single-
stranded regions, thereby exerting the helix
destabilization (meltingpromotion) activity and
favoring the disassembly of incorrect struc-
tures. On the other hand, CNBP annealing
promotion activity may prevent nucleic acid
complete denaturation by neutralizing the
negative charge of the phosphodiester back-
bone, reducing electrostatic repulsion between
the strands and allowing them to perform the
conformational search to reach amore favorable
structure.

The nucleic acid chaperone activity has been
thoroughly analyzed for retroviral NC proteins.
The HIV-1 NC chaperone activity is based on
two related activities, hybridization and helix-
destabilization [Levin et al., 2005]. The first one
is sequence-unspecific and a consequence of the
basic amino acids in the backbone of HIV-1 NC
protein, which provide positive charges that act
as counter ions of nucleic acids, binding to the
phosphate backbone and allowing their attrac-
tion and annealing. The second activity, that is,
helix-destabilization, is a relatively weak activ-
ity that partially destabilizes the secondary
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structure of nucleic acids in order to provide
single-stranded regions that can nucleate new
duplex formation.Helix-destabilization activity
depends on zinc knuckles due to their prefer-
ence for binding single-stranded (unpaired)
nucleotides. These activities are experimentally
separable and the relative importance of each
one depends strongly on the particular assayed
targets. Besides, the RGGboxmotifs from other
nucleic acid chaperones have been directly
related with their annealing promotion and
duplex destabilization activities [Munroe and
Dong, 1992; Hanakahi et al., 2000; Gabus et al.,
2004]. Therefore, theCNBPRGGboxmayact as
a basic backbone functioning in a sequence-
unspecific way by remodeling the nucleic
acids secondary structure in order to yield a
better binding target. On the other hand, the
CNBP zinc knuckles may contribute in a
sequence-specific fashion to the helix-destabili-
zation activity by binding to single-stranded
unpaired nucleobases. Results reported here
suggest that the CNBP biological function may
depend on its nucleic acid chaperone activity,
which may consist in the binding and refolding
of nucleic acids secondary structures through
melting and annealing promotion activities, to
render the most stable conformation.

It is noticeable that the CNBP nucleic acid
chaperone activity is compatible with its possi-
ble cellular functions. The model wherein
CNBP participates in rp-mRNA translational
control involves 50 UTR equilibrium between
open and closed conformations. A closed CNBP-
bound form would result in translation inhib-
ition while an open La-bound form would,
instead, allow translation [Pellizzoni et al.,
1998]. Cell signals might influence the affinity
of CNBP for the 50 UTR, and its differential
binding may lead, either alone or together with
additional proteins, to diverse effects on the
translation of rp-mRNAs. CNBP may control
the translational process affecting diverse cel-
lular processes dependent on RNA structure
through the nucleic acid chaperone activity, as
it was well documented for other RNA chaper-
ones [Weeks, 1997; Rein et al., 1998; Tompa and
Csermely, 2004; Ivanyi-Nagy et al., 2005; Levin
et al., 2005].

Single-stranded nucleic acid binding pro-
teins, together with double-stranded transcrip-
tional factors, have been associated with the
transcriptionalmodulation of a variety of genes.
This is the case forCNBP in regards of the c-Myc

promoter model. Certainly, it was reported that
CNBP binds to the purine-rich strand of the CT
element together with the hnRNP K, and
possibly additional factors, determining the
formation of an open protein–DNA complex
[Tomonaga et al., 1998]. The CT promoter
element is also bound by dsDNA binding
factors, such as Sp1 [DesJardins and Hay,
1993]. Consequently, the CT element conforma-
tion modulation might either allow or block the
action of transcriptional factors, allowing it to
confer different properties upon nearby pro-
moters [Tomonaga et al., 1998]. Here we have
shown that CNBP binds to Comp-CT single-
stranded sequence and promotes the annealing
of the CT and Comp-CT strands as well as the
melting of partially unpaired duplexes. The
CNBP nucleic acid chaperone activity may
promote or restrict the interaction of some other
conventional transcription factors with the
c-Myc promoter by controlling the formation of
single-stranded loops. Based on these findings,
we hypothesize that CNBP controls c-Myc
transcriptional rate trough its annealing and
melting promotion activities, which would
remodel chromatin structure and influence
trans factors binding to the CT element. This
hypothesis directly links alterations produced
by CNBP in DNA conformation and topology
with potential changes in c-Myc protooncogene
transcription efficiency. It is worth mentioning
that some other multifunctional proteins have
been reported to function through a similar
biochemical mechanism. For example, Pura, a
single-strandedDNA andRNA binding protein,
has helix-destabilizing properties and activates
the platelet-derived growth factor A (PDGF-A)
gene transcription via interactions with a
promoter G-rich single-stranded region [Zhang
et al., 2005].

The purine-rich strand of the CT element has
also been related to the formation of alternative
structures such as G-quadruplex critical for the
c-Myc transcriptional silencing mechanism
[Simonsson et al., 1998; Siddiqui-Jain et al.,
2002; Seenisamy et al., 2004; Yang and Hurley,
2006]. In this context, it would be tempting to
speculate that CNBP binding to the purine-rich
strand of the c-Myc promoter CT-element may
affect the stability not only of duplex but also
of G-quadruplex formation. Indeed, FMRP
[Zanotti et al., 2006] and HIV-1 NC protein
[Lyonnais et al., 2003; Kankia et al., 2005]
are both nucleic acid chaperones that share
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structural motifs with CNBP and interact with
G-quadruplex changing their folding stabilities.
However, this hypothesis needs to be experi-
mentally proved.
In light of the results presented here, the

CNBP nucleic acid chaperone activity is a novel
biochemical function that broadens the field of
study about CNBP biological function. This
finding is a significant contribution for settling
themolecular basis of the diverseways inwhich
CNBP may control gene expression. Further
research is being performed to completely
elucidate the relationship between CNBP
nucleic acid chaperone activity and its struc-
tural and/or regulative features. In addition, in
vivo experiments are being performed to more
precisely correlate the CNBP biochemical and
cellular activities with its biological functions.
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