
Eur. J. Biochem. 268, 139±148 (2001) q FEBS 2001

A chicken hnRNP of the A/B family recognizes the single-stranded
d(CCCTAA)n telomeric repeated motif
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With the aim of identifying proteins able to interact with the C-rich single-stranded telomeric repeated motif,

three nuclear polypeptides, CBNPa, CBNPb and CBNPg, with apparent mobilities in SDS/PAGE of 38, 44 and

55 kDa, respectively, were isolated from mature chicken erythrocytes by affinity chromatography. In situ

UV-cross-linking experiments demonstrated that CBNPa and CBNPg interact directly with the telomeric

d(CCCTAA)n repeat, whereas CBNPb does not. Moreover, they provided information on the protein components

responsible for each electrophoretic mobility-shift assay signal. Ion spray and matrix-assisted laser desorption

ionization MS allowed us to identify CBNPa with single-stranded D-box-binding factor (ssDBF), a protein

previously characterized as a transcription factor belonging to the A/B family of heterogeneous nuclear

ribonucleoproteins, and CBNPb with an isoform of this protein containing an extra exon. Similarly, CBNPg was

shown to be probably the chicken homolog of hnRNP K, a ribonuclear protein able to bind to polyC

oligonucleotides. The relation of CBNPa (i.e. ssDBF), CBNPb and CBNPg to a number of similar proteins in the

protein and nucleotide sequence databank is discussed. A rather diversified spectrum of functional roles has been

assigned to some of these proteins despite the strong sequence homology among them.

Keywords: heterogeneous ribonucleoproteins (hnRNPs); nuclear proteins; ssDNA recognition; telomeric C-rich

motif.

Since the discovery of the special features of repetitive DNA
which constitutes the majority of telomeres of eukaryotic
organisms, and of its specific replication machinery, consider-
able attention has also been directed to identifying and
characterizing nuclear proteins that specifically bind to this
DNA, in the normal Watson±Crick duplex form, as well as to
the protruding single-stranded G-rich 3 0 overhang at the
telomere terminus. Many proteins such as TRF1 and TRF2
that bind to duplex telomeric DNA in mammalian cells [1] and
Rap1p in yeast [2] have been reported to be involved in
telomere length maintenance and regulation of telomerase
activity. In unicellular organisms, several proteins, such as ab
protein from Oxytricha [3], TBP from Euplotes [4], TEP and
TGP from Tetrahymena [5,6], GBP from Chlamydomonas [7],
which are known to interact with the single-stranded 3 0-ending
motif of the telomeres, have been characterized. Another group
of proteins, ST-2 from Trypanosoma [8], qTBP42 from rat [9],
human replication factor C [10], and murine STBP [11] and

A1/UP1 [12], also bind to the single-stranded G-rich telomeric
motif, although their function has not been fully ascertained.
The last of these, however, is the first ssDNA-binding protein
shown to be directly involved in mammalian telomere
biogenesis, suggesting a possible mechanism by which
telomere length can be modulated [13]. Much less attention
has been given to identifying nuclear components able to
recognize the complementary single-stranded C-rich DNA
repeat. Interestingly, a protein from Trypanosoma, ST-1, binds
to the telomeric double-stranded repeat as well as to its single-
stranded C-rich component [14]. In vertebrates, the nuclear
protein from rat hepatocytes, qTBP42, has been shown to
recognize each of the single-stranded forms of the telomeric
repeat [9]. Several proteins that interact with polypyrimidine
ssDNA have been described. They include NOGA4 in mouse
[15] and rat [16] and the human hnRNP K protein, which
binds to the single-stranded CT element of the c-myc gene
promoter [17]. While this article was being completed, it
came to our attention that hnRNP K and the splicing factor
ASF/SF2 from HeLa nuclear extracts are able to recognize
the single-stranded C-rich telomeric repeat [18]. These
authors pointed out that other so far unidentified nuclear
proteins could share this property. In this context it may be
relevant to mention that earlier reports from this laboratory
showed that proteins present in nuclear extracts from several
vertebrate sources bind to the single-stranded telomeric repeat
motif (CCCTAA)n, one of them exhibiting high sequence
specificity [19,20]. This protein component does not recognize
the complementary d(TTAGGG)n nor the telomeric duplex. We
report here on the isolation and molecular identification of
these nuclear proteins from extracts of mature chicken
erythrocytes.
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M A T E R I A L S A N D M E T H O D S

Materials

Sequencing-grade trypsin, endoproteinases Asp-N (EC 3.4.24.33)
and Glu-C (EC 3.4.21.19) were purchased from Sigma and
Roche Molecular Biochemicals, respectively. Chromatography
reagents, HPLC grade, were purchased from LabScan-
Analytical Sciences and from Fluka.

Oligodeoxyribonucleotide synthesis and labeling

The oligonucleotides (Table 1) were either synthesized
(Applied Biosystem apparatus) by using phosphoramidite
chemistry and purified according to standard methods, or
purchased from Pharmacia. HTC4, which was used as a probe,
was radiolabeled with [g-32P]ATP (Dupont) and T4 poly-
nucleotide kinase (Pharmacia) according to a standard protocol:
14 pmol of DNA was generally labeled with 10 mCi high-
specific-radioactivity ATP. The 3 0 biotinylated oligode-
oxyribonucleotide HTC6, which was used to functionalize the
chromatographic resin, was purchased from Pharmacia.

Protein extracts

Chicken erythrocytes were collected from whole blood by
centrifugation at 400 g for 15 min at 5 8C and rinsed twice with
ice-cooled NaCl/Pi (140 mm NaCl, 25 mm KCl, 6 mm
phosphate, pH 7.4). Cells were then pelleted by centrifugation
at 600 g in aliquots of about 2 mL and stored at 280 8C. For
total protein extraction, 4 vol. (8 mL) of extraction buffer
[10 mm Hepes, pH 7.9, 400 mm NaCl, 0.1 mm EGTA, 0.5 mm
dithiothreitol, 0.5 mm phenylmethanesulfonyl fluoride, 5%
(v/v) glycerol] were added to each pellet and the erythrocytes
were rapidly resuspended and lysed by gentle vortex-mixing for
a few minutes. After lysis, cells were centrifuged at 8000 g for
20 min at 5 8C, and the supernatant containing the protein
extract was recovered, adjusted to 20% glycerol final
concentration, and stored for a few days at 220 8C.

SDS/PAGE

Protein content analyses and UV-cross-linking experiments
were performed by using an 8% (w/v) denaturing polyacry-
lamide gel (acrylamide/bisacrylamide 30 : 1) in buffer consist-
ing of 0.6 m Tris/HCl, 0.1 m Tricine, pH 8.1, 0.1% (w/v) SDS.
Samples added with 3 mL loading buffer [125 mm Tris/HCl,
pH 8, 1% (w/v) SDS, 5 mm 2-mercaptoethanol, 0.5% (w/v)

bromphenol blue] were loaded and run at 20 V´cm21 for
90 min at room temperature. After electrophoresis, the protein
bands were visualized by Coomassie Blue staining. Bands for
electroelution were excised from the gel, triturated, put into
dialysis tubes with 2 mL running buffer (0.025 m Tricine,
0.03 m Tris/HCl, 0.1% w/v SDS, pH 8.1) and electroeluted at 6
mA, 20 V for 5 h. The samples were then dialysed against
water for 48 h at 5 8C, lyophilized and resuspended in buffer A
(50 mm Tris/HCl, pH 8, 50 mm KCl, 5 mm EDTA).

Electrophoretic mobility-shift assays (EMSAs) and in situ
UV-cross-linking

First, 10 mg total nuclear extracts or 0.1 mg affinity chromato-
graphy-eluted proteins were incubated with 0.2 pmol labeled
HTC4 for 1 h at room temperature in 20 mL (final volume)
buffer A, in the presence of 250-fold denatured Escherichia coli
DNA. In specific competition assays, a 10-fold concentration of
unlabeled oligonucleotide competitor was added. After incuba-
tion, the samples were loaded on to a non-denaturing
polyacrylamide gel [8% (w/v) acrylamide/bisacrylamide
30 : 1] in buffer A and run for 90 min at 10 V´cm21 at about
15 8C. In the case of simple EMSAs, the gel was dried and
autoradiographed. In the case of in situ UV-cross-linking, the
wet gel was autoradiographed at 5 8C and then the protein±
oligonucleotide complexes were irradiated in the gel with a UV
lamp (300 nm, 50 W) for 6 min. The retarded bands were
excised from the gel and denatured by boiling for 5 min in
sample buffer [125 mm Tris/HCl, pH 6.8, 1% (w/v) SDS, 5 mm
2-mercaptoethanol]. Molecular-mass markers were prerun in an
8% SDS/Tris/Tricine denaturing gel, then stained with
Coomassie Blue, excised and denatured in parallel with the
samples. Subsequently, the UV-irradiated and molecular mass
marker gel slices were placed on an 8% (w/v) denaturing SDS/
Tris/Tricine polyacrylamide gel and electrophoresed for 2 h at
20 V´cm21. At the end, the gel was stained with Coomassie
Blue to visualize the molecular mass markers and then dried
and autoradiographed.

Affinity chromatography

A 2-mL portion of Affinity Chromatography Support (Affi-prep
10; Bio-Rad) slurry was derivatized with 10 mg avidin from
hen's egg white (Fluka), according to the manufacturer's
instructions. Aliquots of avidinated resin were functionalized
by incubation with the 3 0 biotinylated oligodeoxyribonucleotide
HTC6. Typically 100 mL slurry bound < 20 mg oligonucleo-
tide. For protein purification, affinity chromatography was then

Table 1. Oligodeoxyribonucleotides used in this study.

Name

No. of

residues Sequence (5 0!3 0)

HTC4 (Human) 22 CCCTAACCCTAACCCTAACCCT

HTC3 16 CCCTAACCCTAACCCT

HTA4 21 TAACCCTAACCCTAACCCTAA

HTR2 22 ACTGGCCCTAACCCTAATGACT

ATC4 (Arabidopsis) 25 CCCTAAACCCTAAACCCTAAACCCT

BTC4 (Bombyx) 18 CCTAACCTAACCTAACCT

TTC4 (Tetrahymena) 22 CCCCAACCCCAACCCCAACCCC

PTC4 (Ascaris) 22 GCCTAAGCCTAAGCCTAAGCCT

HTC6 36 CCCTAACCCTAACCCTAACCCTAACCCTAACCCTAA
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performed in batch: extracts (10±20 mg´mL21) diluted with
50 mm Tris/HCl, pH 8, containing 5 mm EDTA, 20% (v/v)
glycerol, 0.5 mm dithiothreitol and 0.5 mm phenylmethane-
sulfonyl fluoride, to a final concentration of 200 mm NaCl.
Generally, 40 mL diluted extract was incubated with 400 mL
affinity resin overnight at 4 8C on a rotor wheel. After
incubation, the resin was washed several times with 50 mm
Tris/HCl, pH 8, containing 5 mm EDTA and 200 mm NaCl,
and the bound proteins were eluted with 10 mm Hepes, pH 7.9,
containing 0.1 mm EGTA, 0.5 mm dithiothreitol, 0.5 mm
phenylmethanesulfonyl fluoride and 1 m NaCl for 1 h at
room temperature.

Reverse-phase chromatography

Proteins were fractionated by RP-HPLC on a Jupiter C18

column (150 � 4.6 mm; 5 mm; 300 AÊ pore size; Phenomenex,
Torrance, CA, USA) by using a linear gradient from 0% to
100% of acetonitrile in 0.1% trifluoroacetic acid over 40 min,
at a flow rate of 0.5 mL´min21. Individual components were
collected manually and lyophilized.

In-gel digestion and peptide purification

Proteins from SDS/PAGE were excised from the gel, triturated
and washed with acetonitrile and 0.1 m NH4HCO3 (twice each
one). The proteins were in-gel reduced with 10 mm dithio-
threitol in 0.1 m NH4HCO3 (45 min, at 55 8C) and S-alkylated
with 55 mm iodoacetamide in 0.1 m NH4HCO3 (30 min at
25 8C and in the dark). After extensive washing with 0.1 m
NH4HCO3, gel particles were dried and shrunk with a digestion
solution of 12.5 ng´mL21 trypsin in 0.1 m NH4HCO3. After 2 h
of incubation at 5 8C, an identical aliquot of digestion solution
was added to the samples which were incubated overnight at
37 8C. Digestion solution was completely removed, and the gel
pieces were sonicated with 50% acetonitrile in 0.1 m NH4HCO3

(twice). The recovered solutions were mixed together and
lyophilized. Peptide mixtures were fractionated by RP-HPLC
on a Vydac C18 column 214TP52 (250 � 2.1 mm; 5 mm;
300 AÊ pore size; The Separation Group, Hesperia, CA, USA)
by using a linear gradient from 5% to 60% of acetonitrile in
0.1% trifluoroacetic acid over 65 min, at a flow rate of
0.2 mL´min21. Individual components were collected manually
and dried in a Speed-vac centrifuge (Savant). Similar experi-
ments were performed by using endoproteases Asp-N and Glu-
C. Digestions with Asp-N were carried out at 25 8C in 50 mm
Tris/HCl, pH 7.5, for 16±20 h. Two independent digestions
were set up with endoprotease Glu-C in 25 mm ammonium
acetate, pH 4, and in 25 mm NH4HCO3, pH 7.9, carrying out
the reactions at 25 8C for 16±20 h.

Mass spectrometry

Intact proteins were subjected to ion-spray MS (ISMS)
analysis, using an API/SCIEX 100 ion-spray mass spectro-
meter. Samples were dissolved in acetonitrile/water (1 : 1) plus
0.1% (v/v) formic acid and then injected at a flow rate of
2 mL´min21. The quadrupole was scanned in the range m/z
850±1200 and the spectra were acquired and elaborated using a
manufacturer's program. Mass scale calibration was carried out
using the multiple-charged ions of a separate introduction of
myoglobin. All data are shown as average masses.

Matrix-assisted laser desorption ionization (MALDI) mass
spectra were recorded by using a Voyager DE MALDI-TOF
spectrometer (Perkin±Elmer±Perseptive Biosystem, Norwalk,

CT, USA); a mixture of analyte solution, a-cyano-4-hydroxy-
cinnamic acid and bovine insulin were applied to the sample
plate and then dried. Mass calibration was performed using the
molecular ions from bovine insulin (5734.59 m/z) and the
a-cyano-4-hydroxycinnamic acid (379.06 m/z) as internal
standards. Raw data were analysed by using the OPUS software
program provided by the manufacturer and are reported as
average masses. MALDI MSMS spectra were recorded using
an Autospec OA-TOF instrument (Micromass, Manchester,
UK). In this case 2,5-dihydroxybenzoic acid was used as a
matrix. The molecular ions collided with argon in a collision
cell floated at 800 eV. The masses of fragment ions were
measured using an orthogonally mounted TOF analyser. Data
analysis was carried out by using the opus software supplied
with the instrument.

Protein identification

Two software packages, prowl and peptidesearch, were used
to identify protein bands from independent non-redundant
protein sequence databases which are maintained and updated
daily at the European Molecular Biology Laboratory (EMBL)
and the National Institute of Health (NIH). They were both used
by selection of protein molecular-mass filter, adjustable
incomplete cleavage, taxonomic choice of the organism
under investigation, peptide mass error, mass changes due to
protein modifications (e.g. cysteine alkylation), and isoforms or
post-translational modifications. A number of top candidates
with high scores from the peptide-matching analysis were
further evaluated by comparison with their calculated molecular
mass using the experimental values obtained from SDS/PAGE.
This parameter was used as a filter with large tolerance
(change in molecular mass � ^ 15% of the molecular mass)
in order to exclude false-positive candidates from the output
lists.

Western-blot analysis

Bands from SDS/PAGE analysis of affinity-purified material
were excised from the gel and subjected to further SDS/PAGE
in a 10% gel. Proteins were then transferred to nitrocellulose
membranes (Schleicher & Schuell, Keene, NH, USA). These
were saturated by incubation at 4 8C overnight with 10% non-
fat dry milk in NaCl/Pi/0.1% Tween 20 and then incubated with
the rabbit polyclonal anti-[single-stranded D-box-binding factor
(ssDBF)] serum for 60 min at room temperature. The rabbit
polyclonal anti-ssDBF serum was used at a dilution of 1 : 1000
in NaCl/Pi/0.1% Tween 20. After three washes with NaCl/Pi/
0.1% Tween 20, they were incubated with an anti-rabbit
immunoglobulin coupled to peroxidase (Sigma Chemical Co,
St Louis, MO, USA). After 60 min of incubation at room
temperature, the membranes were washed several times with
NaCl/Pi/0.1% Tween 20 and the blot was developed using the
ECL chemiluminescence method (Amersham Pharmacia
Biotech).

R E S U L T S

We showed previously in EMSA experiments the presence of
proteins that bind to ssDNA with the telomeric repeated motif
d(CCCTAA)n, but not its cDNA or the duplex, in nuclear
extracts from several sources [19,20]. One of these displayed a
remarkably high specificity of binding to this sequence. We
have now succeeded in isolating these proteins from mature
chicken erythrocytes using affinity chromatography.
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Three sample cases of SDS/PAGE profiles of the proteins
recovered by affinity chromatography are shown in Fig. 1A
(lanes 4, 5 and 6), along with the profile of the starting material,
i.e. total protein extract (lane 2). Lane 3 shows that no stainable
protein is retained by the non-functionalized resin. Essentially
three components, with apparent molecular masses of 38, 44
and 55 kDa, were isolated. They have been designated C-block-
binding nuclear proteins, CBNPa, CBNPb and CBNPg.

The EMSA profiles of lanes 1±4 of Fig. 1B track the binding
activity with the probe HTC4 during the isolation procedure.
Lanes 1 and 2 display the activity of the starting material, in the

absence and presence of excess denatured E. coli DNA,
respectively. After incubation of the extract with the non-
functionalized resin, the supernatant retains the binding activity
(lane 3), but loses it after incubation with the HTC6-
functionalized resin (lane 4). The protein fractions recovered
from the functionalized resin, the SDS/PAGE profile of which
is shown in Fig. 1A, display the same activity as the whole
extract, in both the absence and presence of excess denatured
E. coli DNA (lanes 7 and 8, respectively). It is important to
point out that the presence of dithiothreitol in the incubation
buffer was critical for full recovery of DNA-binding activity, as
in its absence, no EMSA signal (lane 6) or a smeared signal
with low mobility was observed (data not shown).

To test the identity of the DNA-binding activity of the
fraction recovered from affinity chromatography with that of
the whole extract, a competition EMSA was set up. The
formation of the specific protein±HTC4 complex (in the
presence of denatured E. coli DNA) was challenged with a
10-fold excess of telomeric-related oligonucleotides (Table 1).
The result (Fig. 2) matches perfectly with that already seen for
whole nuclear extract from HeLa cells [20], despite the
different sources. In particular, labeled HTC4 was displaced
by unlabeled HTC4 (lane 3) and TTC4 (lane 5) with almost the
same efficacy, and slightly less by ATC4 (lane 4), the other
sequences being almost completely ineffective (lanes 6±10).
In situ UV-cross-linking experiments were carried out to
establish which of the protein components isolated by affinity
chromatography is responsible for each of the EMSA bands, in
particular the protein corresponding to the faster and more
sequence-specific band. The faster EMSA bands (a and c in
lanes 8 and 2 of Fig. 1B) were excised, UV-irradiated, and
subjected to SDS/PAGE. In both cases, the protein±probe
adduct shows only one signal, the mobility of which is slightly
lower than that of CBNPa (lanes 1 and 3 in Fig. 3A) because it
is UV-cross-linked with HTC4 which has a molecular mass of
< 7 kDa. A similar procedure was used to characterize the

Fig. 1. (A) SDS/PAGE analysis of affinity chromatography recovered

components stained with Coomassie Blue and (B) EMSA profiles to

track the binding activity toward the labeled probe HTC4 during the

isolation procedure. (A) lane 1, molecular-mass markers; lane 2, total

extract (10 mg) from chicken erythrocytes; lane 3, sample recovered from

non-functionalized resin; lanes 4±6, three different affinity recovered

samples. The three stained components are indicated in the right margin as

CBNP a, b, and g. (B) lanes 1 and 2, whole extract from chicken

erythrocytes in the absence and presence, respectively, of 250-fold excess

(w/w) denaturated E. coli competitor DNA before incubation with affinity

resin. Lanes 3 and 4, whole extract after incubation with non-functionalized

and HTC6-functionalized resin, respectively. Lanes 6±8, activity of protein

fraction recovered from HTC6-functionalized resin in the absence (lane 6)

and presence of 1 mm dithiothreitol [lane 7 in the absence of competitor,

lane 8, in the presence of 250-fold excess (w/w) denatured E. coli

competitor DNA]. Lane 5, labeled HTC4 alone.

Fig. 2. Competitive EMSA with different telomeric type oligonucleo-

tides. Labelled HTC4 (0.2 pmol) was incubated with 0.1 mg affinity

recovered proteins in the absence of competitors (lane 1) or in the presence

of 250-fold excess (w/w) denatured E. coli DNA and 10-fold excess of cold

telomeric type oligonucleotide competitors (lanes 2±10); lane 11 labeled

HTC4 alone.
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complexes of slower EMSA bands (b and d of lanes 7 and 1,
respectively, of Fig. 1B), in this case two SDS/PAGE signals
being obtained, the faster corresponding to the previous one and
the other with a mobility slightly lower than that of CBNPg
(lanes 2 and 4 of Fig. 3A). This result suggests that the
UV-cross-linkable proteins are CBNPa only in the fast EMSA
band, and both CBNPa and CBNPg in the slow one. To confirm
the identity of the proteins responsible for the specific complex

(fast band), the three components CBNPa, CBNPb, and
CBNPg were excised separately from the SDS/polyacrylamide
gel, electroeluted, freeze-dried, and resuspended in EMSA
binding buffer. EMSAs were performed for each of them in the
presence of denatured E. coli DNA and 1 mm dithiothreitol. It
can be seen from Fig. 3B that CBNPa recovered specific
DNA-binding activity fully after electroelution (lane 3),
consistently with that of the whole fraction obtained from
affinity chromatography (lane 1), and after electroelution in the
pool (lane 6). On the other hand, CBNPb and CBNPg, after
separation, did not display any specific EMSA signal (lanes 4
and 5), even in the absence of excess aspecific competitor (data
not shown).

Attempts to determine the nature of CBNPa, CBNPb, and
CBNPg by direct amino-acid sequencing after electroblotting
on poly(vinylidene difluoride) membranes failed because of the
presence of an N-terminal blocking group. However, one of
the digestion fragments of CBNPa yielded a dodecapeptide
MFVGGLSWDTSK. This result was not very instructive,
because this sequence corresponds to a conserved RNA-binding
motif (RNP1), found in many hnRNPs. Therefore, all the
protein species were digested with trypsin in situ as described
in Materials and methods. The peptide mixtures were extracted
and resolved by narrow-bore RP-HPLC for further analysis by
MALDI MS. Besides exhibiting similar chromatographic
profiles, CBNPa and CBNPb yielded many peptides sharing
the same mass values (Table 2), suggesting a strong structural
relationship between them. These findings were confirmed by
independent experiments with endoproteases Asp-N and Glu-C.
In fact, CBNPa and CBNPb showed very similar peptide
electrophoretic profiles (not shown). In contrast, CBNPg gave
unrelated peptides in all cases, when digested with trypsin
(Table 2) as well as with endoproteases Asp-N and Glu-C (not
shown). The molecular-mass values obtained from each of
these digestions were used to search protein and nucleotide
databanks to identify the nature of each molecular species.
Excellent results were obtained in the cases of CBNPa and
CBNPb, for which 22 out of 24 and 18 out of 20 peptides
matched closely those expected for avian ssDBF. This is a 302-
residue-long protein and has already been characterized as a
liver nuclear factor involved in the transcription of the
apoVLDL II gene [21]. The same paper reports the isolation
of a further cDNA clone of ssDBF, containing an extra exon,
and pointing to the existence of an isoform of this protein. The
next best match was obtained for the avian protein CRP1 [22],
for which 17 out of 24 and 15 out of 20 peptide matches were
observed. Other avian proteins showed fewer than six matches
and were not considered. The sequences of ssDBF and CRP1
clearly show that they can be ascribed to the A/B family of
hnRNPs. They are identical, except for residues 136 and 221 in
the C-terminal region. The N-terminal region of about 80
residues is apparently unrelated.

To clarify further the identity of CBNPa and CBNPb, and
in particular to discriminate between ssDBF and CRP1,
several peptides were subjected to MSMS experiments. In
addition to the peptides for which MH1 signals were observed
at m/z 1328.5, 1571.9 and 1774.1, corresponding to the
expected amino-acid sequences of MFVGGLSWDTSK,
EVYQQQQFSSGGGR and IFVGGLNPEATEEKIR, common
to both proteins, those detected for MH1 at m/z 1656.0 and
1785.3 yielded fragments with the sequences GFGFILFKEP-
GSVEK and GFVFITFKEEDPVKK, respectively (Fig. 4). The
presence of Ile136 and Thr221 shows that CBNPa and CBNPb
are indeed the two isoforms of ssDBF and not of CRP1. In
addition, CBNPa and CBNPb showed two clear signals at m/z

Fig. 3. (A) SDS/PAGE analysis of in situ UV-cross-linking of shifted

bands from EMSA gel of Fig. 1B, and (B) EMSA of protein components

CBNPa, CBNPb, and CBNPg after electroelution of the excised bands

from SDS/polyacrylamide gel. (A) Lane 1, UV-cross-linked product of

band a in lane 8 of Fig. 1B; lane 2, UV-cross-linked product of band b in

lane 7 of Fig. 1B; lane 3, UV-cross-linked product of band c in lane 2 of

Fig. 1B; lane 4, UV-cross-linked product of band d in lane 1 of Fig. 1B. (B)

Lane 1, whole affinity recovered sample; lane 2, labeled HTC4 probe alone;

lane 3, CBNPa; lane 4, CBNPb; lane 5, CBNPg; lane 6, the three

components electroeluted together.
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8108.0 and 7363.5 (Table 2) which were tentatively assigned to
N-terminal peptides of ssDBF, with the first encoded residue
removed and the second one acetylated as the result of co/post-
translational processing as previously observed in other
hnRNPs.

Further evidence supporting the structural relationship
between CBNPa and CBNPb has come from ISMS. The
protein mixture recovered from the functionalized resin was
processed by RP-HPLC to obtain each component in sufficient
amounts for MS analysis. SDS/PAGE revealed that the
acetonitrile gradient separated CBNPg from the other two
components, but not CBNPb from CBNPa. This is probably
due to their similar hydrophobic profiles. This procedure led to
the irreversible loss of the DNA-binding activity. When CBNPg
was analysed by ISMS, it did not give any more signals than
those corresponding to fragments of about 15 kDa. The
spectrum for the CBNPa/CBNPb sample was clearly consistent
with the presence of two species with molecular masses of
31915 ^ 2 Da and 37718 ^ 4 Da, respectively, the first being
more abundant. The absolute values of their molecular masses
were consistently lower than those apparent from SDS/PAGE
analysis, but their mass differences, as well as their relative
abundance, were in accord with the electrophoretic data. This
provided further evidence that these two proteins share several
physicochemical properties. Besides the coincidences detected
by MALDIMS and MSMS experiments in nearly all peptide
segments, the mass difference (5803 ^ 4 Da) between CBNPb
and CBNPa, determined by ISMS, matches perfectly the value
calculated for the extra exon observed in the variant cDNA
isolated from the chicken library [21]. Thus, these two proteins
can be identified as the two isoforms of ssDBF, differing
from each other by the occurrence of an extra exon near the

C-terminus. Both the ISMS molecular masses of CBNPa and
CBNPb were about 143 Da higher than the values calculated
from their sequences. However, it should be noted that they
both contain at least two methionine residues in the extensively
oxidized form (as determined by MALDIMS mapping) as well
as putative methylation sites. Future in vivo and in vitro studies
will elucidate post-translational processing of CBNPa and
CBNPb and its relationship with their biological activity.

Parallel attempts to search protein and nucleotide databanks
using the mass values determined by MALDIMS for the
peptides generated from the in situ digestion of CBNPg
(Table 2) were unsuccessful. This suggests that no protein
sequence with high similarity to CBNPg is present in the
current databanks. To ascertain the nature of this protein, the
purified peptides showing MH1 at m/z 1098.7 and 1195.3 were
subjected to MSMS experiments as previously described. As
reported for CBNPa, MSMS analysis of each species yielded
fragment ions that allowed us to reconstruct their sequence as
GSDFDCELR and NLPLPPPPPPR, respectively. Databank
searching revealed that both peptides were identical to two
regions of hnRNP K, and were conserved in various species.
The corresponding sequence from chicken is still not known.
This protein, originally identified as a component of the hnRNP
particles, binds to polyC as a consequence of its degree of
phosphorylation [23].

Finally, to substantiate further the identity of CBNPa with
ssDBF, immunological analysis was performed. With the
polyclonal anti-ssDBF serum kindly provided by M. Smidt
[21], its ability to recognize the single bands excised from the
SDS/polyacrylamide gel of Fig. 1A and the rerun in SDS/PAGE
was tested. As can be seen in Fig. 5A, this serum recognized
both the bands of CBNPa and CBNPb, supporting their identity

Table 2. MS analysis of incognite proteins. CBNPa and CBNPb were assigned to two avian ssDBF forms by prowl search and MSMS experiments. NA,

not assigned.

CBNPa CBNPb CBNPg

Mass ssDBF CRP1 Mass ssDBF CRP1 Mass

7363�.5 Ac2±84 NA 7363�.8 Ac(2±84) NA 1098�.7

8108�.0 Ac2±91 NA 8107�.8 Ac(2±91) NA 1195�.3

1328�.5 92±103 75±86 1328�.4 92±103 75±86 1505�.3

1344�.3 92±103ox 75±86ox 1344�.5 92±103ox 75±86ox 1519�.7

1456�.7 92±104 75±87 1456�.8 92±104 75±87 1554�.4

1472�.9 92±104ox 75±87ox 1472�.7 92±104ox 75±87ox 1596�.1

1159�.0 104±112 87±95 1159�.2 104±112 87±95 1711�.7

1169�.9 113±122CAM 96±105CAM 1169�.6 113±122CAM 96±105CAM 1818�.9

2184�.8 113±131CAM 96±114CAM 1656�.3 132±146 NA 1834�.8

2200�.7 113±131oxCAM 96±114oxCAM 1342�.7 140±151 123±134 1966�.7

3095�.2 113±139CAM NA 2072�.5 171±189 154±172 2593�.8

3110�.9 113±139oxCAM NA 1505�.1 176±189 159±172 2614�.7

1656�.0 132±146 NA 2485�.2 190±210 173±193 2944�.8

2110�.6 152±169 135±152 2501�.1 190±210ox 173±193ox 3084�.7

1505�.1 176±189 159±172 2215�.7 192±210 175±193 3101�.1

1774�.1 176±191 159±174 2231�.4 192±210ox 175±193ox 3832�.5

2485�.2 190±210 173±193 1941�.6 215±230 NA 3895�.3

2501�.1 190±210ox 173±193ox 1785�.3 216±230 NA 3910�.9

2215�.7 192±210 175±193 1535�.2 235±247CAM 218±230CAM 4642�.0

2231�.4 192±210ox 175±193ox 1571�.9 253±266 236±249

1941�.6 215±230 NA

1785�.3 216±230 NA

1571�.9 253±266 236±249

1334�.8 292±302 275±285
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with ssDBF (CBNPa) and its isoform (CBNPb). This serum
did not recognize the CBNPg band at all, confirming its
different nature. The low-mobility band is attributable to the
formation of a covalent dimer of the protein, as the gel was run
in nonreducing conditions in the absence of 2-mercaptoethanol.
Moreover, a supershift analysis with the anti-ssDBF serum was
performed on the specific complex of CBNPa with the HTC4
probe. Figure 5B shows that the immune serum is able to
supershift the specific EMSA band, giving rise to lower-
mobility complexes (lanes 3 and 4, bands a, b, c, d) in a dose-
dependent manner. The preimmune serum is not able to
supershift any complex at all (lanes 5 and 6). Therefore,
together, these immunological data clearly demonstrate the
identity of CBNPa and ssDBF.

D I S C U S S I O N

CBNPs were isolated by affinity chromatography by incubating
the extract of chicken erythrocytes and the affinity resin in the
absence of a specific ssDNA competitor. With this procedure,

we expected to separate the protein components responsible for
all the EMSA signals given by the extract in the absence of
competitor. Indeed the EMSA profile of the affinity chromato-
graphy fraction was similar to that of the whole extract,
displaying both the faster (more specific) and slower (less
specific) band in the absence of competitor (Fig. 2, lane 1).
Inspection of the EMSA, in situ UV-cross-linking, and RP-
HPLC experimental results led to the following observations:
(a) although CBNPb is captured by the affinity resin, it does not
UV-cross-link with the probe, and after recovery in the pure
form from electroelution it does not give an EMSA signal; (b)
CBNPg, which can be UV-cross-linked to the probe in the
presence of CBNPa, is found in the slow and less specific
EMSA band; (c) during the attempted fractionation of the
CBNPs by RP-HPLC, most of the CBNPa and CBNPb were
coeluted separately from CBNPg, although the latter always
retained small amounts of the former two. This may be due to
the tendency of these proteins to aggregate through the glycine-
rich domains, a well-known feature of other hnRNPs, e.g.
hnRNP A1 [24], and to form covalent dimers, as suggested by

Fig. 4. MSMS analysis of peptides obtained

from in-gel digestion of CBNPa. Identical

peptide species were isolated and analysed from

the tryptic digest of CBNPb.
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the presence of small amounts of species with twice the
molecular mass in non-reducing SDS/PAGE (Fig. 5A). The
observation that CBNPb does not UV-cross-link with HTC4,
although it is bound by the affinity matrix, suggests that it

forms a complex with CBNPa, but does not interact directly
with the telomeric repeats. As the difference between CBNPb
and CBNPa is the presence of the extra exon, it can be inferred
that this abolishes the DNA-binding activity but not the
interaction with other hnRNPs. As far as CBNPg is concerned,
the MS data point to its identity with the chicken homolog of
hnRNP K. This is in line with the recent work of Lacroix et al.
[18], who demonstrated that human hnRNP K binds to the
single-stranded telomeric C-block motif, although the SDS/
PAGE mobility of CBNPg appears to be slightly higher.
However, it should be noted that the Xenopus homolog, for
instance, has a much lower molecular mass than that of human
hnRNP K [25]. The observation that the slower EMSA band
contains CBNPa besides CBNPg suggests that the two proteins
interact, although homotypic protein dimers cannot be
excluded. In any case, these complexes are less sequence-
specific in their binding to the telomeric repeat probe
d(CCCTAA)n.

The presence of a reducing agent such as dithiothreitol
appears to be required for the specific DNA-binding activity. In
its absence, EMSA signals, when found, have low mobility and
also lower sequence specificity. Nonetheless, they contain
CBNPa as shown by in situ UV-cross-linking (data not shown).
CBNPa therefore seems to need to be in the reduced state, as
well as separated from CBNPg, to be able to specifically
interact with the C-rich telomeric repeat.

The identification of CBNPa with the type A/B hnRNP
ssDBF raises two issues. The first concerns its possible function
in relation to the activity of CBNPa, described here and in two
preceding reports [19,20], and that of ssDBF, which has been
characterized by Smidt et al. [21] as a transcription factor.
Strong evidence from studies with cultured cells in vivo is
required to be able to assign confidently a role to this protein.
However, it should be noted that ssDBF was identified during
screening of a liver cDNA library, whereas CBNPa was
isolated from erythrocytes. It could well be that this protein has
more than one role which is tissue dependent, and its activity
could be regulated by both the relative amounts of the two
isoforms (CBNPa and CBNPb, in our notation) and different
post-translational modifications.

The second issue is more general and involves how the
proteins studied in this work can be related to all similar
proteins already known in other species. blast analysis [26]
carried out using the protein and nucleotide databanks has
revealed a set of proteins and/or cDNAs related to CBNPa/
ssDBF (Fig. 6). Besides CRP1 from chicken [22], which differs
completely from ssDBF in its N-terminal segment as the result
of two frameshift mutations in its DNA coding sequence, the
other proteins from mouse, rat, cat, and human cDNAs are
homologous along their whole lengths, spanning 280±350
residues. The only other exception to this is PRM10 from
rat (not shown; GenBank accession No. AF108653), the
N-terminal region of which differs completely (also in its
DNA coding sequence) from the others. Inspection of these
sequences shows the following.

(a) The homology is very strong in the C-terminal portion of
all these proteins, covering about 80% of the whole sequence.
The 60±70 N-terminal residues of the mammalian sequences
(except for PRM10) also display a remarkable similarity among
them, to a lesser extent with the chicken protein ssDBF, and,
obviously, none at all with CRP1.

(b) In the cases of rat and human sequences, two variants,
which differ in the occurrence of an exon, are reported. The
proteins with the exon are homologous to CBNPb (i.e. the
second clone of ssDBF) in sequence and position of the exon.

Fig. 5. (A) Western-blot analysis of the single bands excised from

SDS/polyacrylamide gel of Fig. 1A and rerun on a 10% gel, and

(B) supershift analysis of the specific complex between CBNPa and
32P-labeled HTC4. (A) Lane 1, CBNPa; lane 2, CBNPb; lane 3, CBNPg.

The bands were assayed by using the specific rabbit polyclonal anti-ssDBF

serum provided by M. Smidt [21] and developed by using ECL (Amersham

Pharmacia Biotech). WB, Western blot. (B) Samples containing CBNPa

and the HTC4 probe were incubated in the absence (lane 2), in the presence

of the specific polyclonal rabbit anti-ssDBF serum (lanes 3 and 4) and, as

controls, in the presence of the corresponding amounts of preimmune rabbit

serum (lanes 5 and 6) for 2 h at room temperature. Then, the samples were

analysed by EMSA. The arrows marked a, b, c show the supershifted bands

and the d band corresponds to insoluble material precipitated into the well,

which, however, is mostly present in the case of the specific serum anti-

ssDBF. Lane 1 contained labeled HTC4 alone
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Overall, ssDBF appears to be most divergent, in line
with its wider phylogenetic gap. Small differences seen in
the known sequences (Fig. 6) suggest that these may
represent only a subset of a larger group, the outcome of a
rather complex series of mutation, gene duplication, and
possibly recombination events throughout the evolution of
tetrapods.

A functional role has been proposed for some of these
proteins (ssDBF as a liver-specific transcription factor [21],
CBF-A ± and probably the almost identical hnRNP 38 from
rat ± as a muscle-specific transcription factor [27], and human
ABBP1 as an RNA-editing factor [28]) whereas for the
feline DBP40 the ability to interact with the 5 0-terminal
sequence of a panleukopenia virus has been shown [29].
Nothing is known about the functions of the human-type
A/B hnRNP [30], CRP1 [22], rat hnRNP 40 and PRM10. In
any case, the apparent lack of correspondence between the
strong sequence homology displayed by these proteins and
their proposed role is intriguing. This varied spectrum of
functions may be the consequence of entangled species and

tissue diversification. They may be linked, respectively, to
the usual phylogenetic changes and to modulations of their
activity, possibly after gene-duplication events, through
many, sometimes tissue-specific, isoforms produced by
alternative splicing, editing, or post-translational modifi-
cations. Maybe these 10 cases from five species, the only
ones known so far, are only a small sample of a considerably
more extensive family of type A/B hnRNPs yet to be fully
unveiled.
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