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RORγ 2 (retinoid-related orphan receptor γ 2) plays a critical
role in the regulation of thymopoiesis. Microarray analysis was
performed in order to uncover differences in gene expression
between thymocytes of wild-type and RORγ −/− mice. This ana-
lysis identified a novel gene encoding a 22 kDa protein, re-
ferred to as NABP1 (nucleic-acid-binding protein 1). This sub-
sequently led to the identification of an additional protein, closely
related to NABP1, designated NABP2. Both proteins contain
an OB (oligonucleotide/oligosaccharide binding) motif at their
N-terminus. This motif is highly conserved between the two
proteins. NABP1 is highly expressed in the thymus of wild-type
mice and is greatly suppressed in RORγ −/− mice. During thymo-
poiesis, NABP1 mRNA expression is restricted to CD4+CD8+

thymocytes, an expression pattern similar to that observed for
RORγ 2. These observations appear to suggest that NABP1

expression is regulated either directly or indirectly by RORγ 2.
Confocal microscopic analysis showed that the NABP1 protein
localizes to the nucleus. Analysis of nuclear proteins by size-
exclusion chromatography indicated that NABP1 is part of a high
molecular-mass protein complex. Since the OB-fold is frequently
involved in the recognition of nucleic acids, the interaction of
NABP1 with various nucleic acids was examined. Our results
demonstrate that NABP1 binds single-stranded nucleic acids, but
not double-stranded DNA, suggesting that it functions as a single-
stranded nucleic acid binding protein.
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INTRODUCTION

The ROR (retinoid-related orphan receptor) subfamily consists
of three members, RORα, RORβ and RORγ (named NRF1–
NRF3 and RORA–RORC respectively, by the Nuclear Receptor
Nomenclature Committee and the Human Gene Nomenclature
Committee) [1]. Each ROR gene yields, through alternative
promoter usage and alternative splicing, several variants that differ
only by their N-terminus. These variants have been implicated in
the regulation of different physiological processes. The RORγ
gene generates two isoforms, γ 1 and γ 2 (also referred to as
RORγ t) [1,2]. Most tissues, including liver, kidney and lung
express RORγ 1; however, expression of RORγ 2 is restricted to
CD4+ CD8+ [DP (double-positive)] thymocytes and lymphoid
tissue inducer cells [1,3,4]. Characterization of ROR-deficient
mice revealed that RORs play a critical role in the regulation of a
number of physiological processes [1,3–10]. These studies have
implicated RORα in the maintenance and/or differentiation of
cerebellar Purkinje cells [7,11,12], and RORβ in the control of cir-
cadian rhythm [8,13]. Studies of RORγ −/− mice showed that
these mice lack lymph nodes and Peyer’s patches, suggesting
that RORγ 2 is essential for lymph node development [4,9,10].

In addition, these studies demonstrated that RORγ 2 plays a
role in the regulation of normal thymopoiesis [1,3,9,10,14]. DP
thymocytes from RORγ −/− mice undergo accelerated apoptosis
due to down-regulation of the expression of the anti-apoptotic
gene Bcl-XL [9,10,15].

To obtain a greater insight into the function of RORγ in the
thymus, we searched for additional changes in gene expression
in RORγ −/− thymocytes. RNA isolated from thymocytes of wild-
type and RORγ −/− mice were examined by microarray analysis.
This analysis identified a novel gene, referred to as NABP1 (nu-
cleic-acid-binding protein 1), that was greatly down-regulated in
the thymus of RORγ −/− mice. Alignment of the mouse NABP1
amino acid sequence with sequences in GenBank® identified
an additional novel protein closely-related to NABP1, referred
to as NABP2. Both proteins are 22 kDa in size and contain
one OB (oligonucleotide/oligosaccharide binding)-fold at their
N-terminus. OB-folds consist of a compact structural domain
of 70–150 amino acids. They do not share a strong sequence
similarity but are recognized on the basis of their distinct
topology. OB-fold proteins are frequently involved in nucleic acid
recognition [16,17] and play a critical role in DNA replication,
transcription, translation, DNA recombination, DNA repair and
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the maintenance of telomeres [18–27]. The OB-fold family of
proteins includes RPA (replication protein A) and the Brca2
(breast cancer susceptibility protein 2).

We further demonstrate that in wild-type mice NABP1 is most
abundantly expressed in DP thymocytes and that its expression
is significantly down-regulated in DP thymocytes isolated from
RORγ −/− mice. This pattern of expression is very similar to that
observed for RORγ 2 [2,10]. This, in combination with its down-
regulation in RORγ −/− mice, suggests that NABP1 expression
is regulated directly or indirectly by RORγ 2. NABP1 protein
localizes to the nucleus, suggesting that NABP1 exerts its function
in the nucleus. Finally, we demonstrate that NABP1 binds single-
stranded nucleic acids but not double-stranded DNA, indicating
that NABP1 functions as a single-stranded nucleic acid binding
protein. Its specific expression in DP thymocytes, cells that
undergo a high frequency of DNA rearrangements, raises the
possibility of a role for NABP1 in DNA recombination or repair
in these cells.

MATERIALS AND METHODS

Microarray analysis

Microarray analyses were carried out by the National Institute
of Environmental Health Sciences, Microarray Group (NMG)
using Agilent Mouse arrays (Agilent Technologies, Palo Alto,
CA, U.S.A.) representing approx. 20000 genes (http://dir.niehs.
nih.gov/microarray/chips.htm). For each condition, equal
amounts of total RNA from thymocytes of three individual wild-
type or RORγ −/− mice were pooled and amplified. Total RNA
was amplified using the Agilent Low RNA Input Fluorescent
Linear Amplification Kit protocol. Starting with 1 µg of total
RNA, Cy3 (cyanine3)- or Cy5-labelled cRNA was synthesized
according to the manufacturer’s protocol. For each comparison,
750 ng of each Cy3- and Cy5-labelled cRNA was mixed and
fragmented using the Agilent In Situ Hybridization Kit protocol.
Hybridizations were performed for 16 h in a rotating hybridization
oven using the Agilent 60-mer oligotide microarray processing
protocol. Slides were washed as indicated in this protocol and
then scanned with an Agilent Scanner. Data were analysed with
Agilent Feature Extraction 7.1 software using default settings for
all parameters.

Images and GEML files, including the error and P values,
were exported from the Agilent Feature Extraction software and
deposited into Rosetta Resolver (version 3.2, build 3.2.2.0.33;
Rosetta Biosoftware, Kirkland, WA, U.S.A.). The resultant ratio
profiles were combined into ratio experiments. Intensity plots
were generated for each ratio experiment and genes were con-
sidered ‘signature genes’ if the P value was less than 0.001.
The microarray data discussed in the present study have been
deposited in the NCBI’s Gene Expression Omnibus (http://www.
ncbi.nlm.nih.gov/geo/) under accession number GSE4248 [28].

RNA isolation and Northern blot analysis

Total RNA from cells or tissues was isolated using mini- or
midi-RNA isolation kits (Qiagen, Valencia, CA) according to
the manufacturer’s instructions. RNA (15 µg) was separated on
a 1.2% agarose gel, transferred to a nylon membrane (Sigma,
St. Louis, MO, U.S.A.), and subsequently UV cross-linked.
The membranes were hybridized to 32P-labelled probes for
NABP1, NABP2 or RORγ [9]. Hybridizations were performed
at 68 ◦C for 3 h, the membranes were then washed twice with
2 × SSC (1 × SSC is 0.15 M NaCl/0.015 M sodium citrate)/0.1%
SDS for 20 min at room temperature, and subsequently with
0.1 × SSC/0.1% SDS for 15 min at 50 ◦C. Autoradiography was

carried out at −70 ◦C using Hyperfilm (Amersham Biosciences,
Piscataway, NJ, U.S.A.).

Genomic structure analysis
The mouse NABP1 sequence was submitted to GenBank® under
accession number AY880264. Alignment of the mouse NABP1
cDNA sequence with sequences in GenBank® was used to
identify a cDNA sequence (AK028886) encoding a larger 3.1 kb
NABP1 transcript. The genomic structure was deduced from the
alignments of AY880264 and AK028886 with the mouse genomic
DNA sequence (GenBank® AC125518.3) containing the entire
NABP1 gene. This alignment indicated that the variant transcripts
were generated by alternative splicing. The generation of variant
transcripts was confirmed by reverse transcriptase-PCR analysis
using DNA-free RNA from thymus and the following forward (F)
and reverse (R) primers: 5′-CCTTTCTTCCAGGAATGTGTG-3′

(F1), 5′-TCCTTGTGACTTCTCAAAATGC-3′ (R1), 5′-AATG-
GGGACCCAATCCTAGA-3′ (R2), 5′-CCTTTCCAGTCTGC-
TTGGAT (F2), and 5′-TTCAGCCTTTGGGCATTTAG-3′ (R3).
Based on the genomic structure, it was predicted that F1 and
R1 amplify a 492 bp region specific for exon 6, F1 and R2 a
554 bp region spanning part of exon 6 and exon 7, and R2 and R3
a 503 bp region specific for exon 7. The presence of two variant
transcripts was further confirmed by Northern blot analysis using
probes hybridizing to full-length NABP1 (AY880264), the C-
terminal half of the coding region of NABP1, and exon 7.

Plasmids
pMAL-C2X-NABP1 and pMAL-C2X-NABP1�N, encoding
MBP (maltose-binding protein)–NABP1 and MBP–NABP1�N
fusion proteins, were generated by cloning cDNAs encoding
full-length NABP1 and NABP1�N (amino acids 146–198)
respectively, into the EcoRI and BamHI sites of pMAL-C2X
(New England BioLabs, Ipswich, MA, U.S.A.). NABP1 was
amplified with the sense, 5′-GAGAATTCATGCACGGGGTC-
AACGAC-3′, and antisense, 5′-GTGGATCCTCATCATTTAAA-
GGCTCTCCTC-3′, primers, NABP1�N was amplified with
5′-GAGAATTCGGGGTAGAAAATGAACAGAAGG-3′ and 5′-
GTGGATCCTCATCATTTAAAGGCTCTCCTC-3′. To generate
pET41a(+)-NABP1, encoding the GST (glutathione S-trans-
ferase)–NABP1 fusion protein, the NABP1 cDNA was amplified
with 5′-CCGAATTCCACGGGGTCAACGACCCT-3′ and 5′-GT-
CTCGAGTCATCTTTTAAAGGCTCTCCTC-3′ primers and
then cloned into the EcoRI and XhoI sites of pET-41a(+) (EMD
Biosciences, Madison, WI, U.S.A.). p3XFLAG-CMV-NABP1
was obtained by PCR using the primers 5′-GAGAATTCTATG-
CACGGGGTCAACGAC-3′ and 5′-GTGGATCCTCATCATT-
TAAAGGCTCTCCTC-3′. The cDNA that was obtained was then
cloned into the EcoRI and BamHI sites of p3XFLAG-CMV-7.1
(Sigma). Subsequently, the 3XFLAG–NABP1 cDNA was sub-
cloned into the HpaI and BamHI sites of the retroviral vec-
tor pLXIN (BD Bioscience, Palo Alto, CA, U.S.A.).
pLXIN-3XFLAG–NABP1�C (amino acids 1–114) and pLXIN-
3XFLAG–NABP1�N (amino acids 117–198) were generated by
PCR using the sense/anti-sense primer pairs: 5′-TTGCGGCC-
GCGATGCACGGGGTCAACGAC-3′ and 5′-GTGGATCCTC-
ACTCACTGAAATTTGGCACTTC-3′, and 5′-TTGCGGCC-
GCGCCA-GATTATAGAGGACAGC-3′ and 5′-GTGGATCCTC-
ATCTTTTAAAGGCTCTCCTC-3′ respectively. The sequence of
all plasmids was verified by restriction enzyme analysis and DNA
sequencing.

Purification of NABP1 proteins
Escherichia coli DH5α was transformed with pMAL-C2X-
NABP1 or pMAL-C2X-NABP1�N plasmid DNA. The
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transformants were grown in LB (Luria–Bertani) medium and
the synthesis of the MBP–NABP1 fusion protein was induced
by the addition of 0.3 mM IPTG (isopropyl β-D-thiogalactoside).
After 23 h of incubation at 16 ◦C bacteria were harvested, washed
twice with PBS, and the bacterial lysate was prepared using
the ReadyprepsTM Protein Preparation Kit (Epicentre, Madison,
WI, U.S.A.) according to the manufacturer’s instructions. The
crude lysate was then mixed with Amylose-Resin (NEB, Beverly,
MA, U.S.A.). After 30 min of incubation at 4 ◦C the resin was
washed 3 times with elution buffer [20 mM Tris, 200 mM NaCl
and 1 mM EDTA (pH 7.4)] and subsequently with elution buffer
containing 10 mM maltose to elute the MBP–NABP1 fusion
protein. The MBP–NABP1 fusion protein was analysed by PAGE
and identified by Coomassie Brilliant Blue staining.

E. coli Rosetta DE3 was transformed with pET41a(+)-NABP1
plasmid DNA. Transformants were grown in LB medium and the
synthesis of the GST–NABP1 protein was induced by the addition
of 0.2 mM IPTG. After 4 h of incubation at 30 ◦C bacteria were
harvested and lysed by sonication in B-PER® bacterial protein
extraction buffer (Pierce Biotech., Rockford, IL, U.S.A.). The
soluble protein fraction obtained after centrifugation (30 min at
27000 g) was then incubated with GST-affinity resin at room
temperature for 1 h. The resin was washed in washing buffer
[25 mM Hepes/150 mM NaCl (pH 8.0)] and the GST–NABP1
protein was eluted with glutathione. The eluted GST–NABP1 pro-
tein was cleaved by incubation with thrombin I (16 h at 4 ◦C) and
GST protein was removed by passing the solution over a GST-
affinity resin column. The flow-through was concentrated and
further purified by HPLC using a mono-Q ion-exchange column
(Amersham Biosciences). The fraction containing NABP1 was
analysed by PAGE. The NABP1 protein bands were verified by
MALDI-TOF (matrix-assisted laser-desorption ionization–time-
of-flight).

Flow cytometry

Thymocytes were isolated from mouse thymus as described [9]
and then resuspended at 4 ◦C in RPMI-1640 containing 10%
FBS (foetal bovine serum). Thymocytes (5 × 106/ml) were then
incubated with 2 µg/ml FITC-conjugated anti-CD8 and 2 µg/ml
phycoerythrin-conjugated anti-CD4 antibodies (BD Pharmingen,
San Diego, CA, U.S.A.). The CD4+CD8+, CD4−CD8−, and CD4+

and CD8+ single-positive cells were then separated and collected
using an LSR flow cytometer (Becton Dickinson, San Jose, CA,
U.S.A.) as described previously [9]. The CD4+ and CD8+ single-
positive cells were pooled. Cells that were collected from several
separate runs were pooled and then processed for total RNA
isolation. Data were analysed using CellQuest software (Becton
Dickinson).

Real-time quantitative reverse transcriptase-PCR

Real-time reverse transcriptase-PCR reactions were carried
out in triplicate in a 7300 Real-Time PCR system using
the TaqMan® One-Step reverse transcriptase-PCR Master mix
(Applied Biosystems, Foster City, CA, U.S.A.). The NABP1-
and RORγ -specific oligonucleotides were designed with Primer
ExpressTM 2.0 software (Applied Biosystems, Foster City, CA,
U.S.A.). For NABP1, the following oligonucleotides were used:
forward primer, 5′-GGGTACAAAATGAACAGAAGGATAA-
AC-3′; reverse primer, 5′-GATTCAGGGCCAGTCTGATCA, and
the probe 5′-FAMTM-TTCCCACTGGTCCAAATGTATTGGTG-
CT-TAMRATM-3′; for mouse RORγ : forward primer, 5′-CACG-
GCCCTGGTTCTCAT-3′; reverse primer, 5′-CAGATGTTCCAC-
TCTCCTCTTCTCT-3′; and the probe 5′-FAMTM-ATGCCAAC-
CGTCCTGGGCTCC-TAMRATM-3′. NABP1 oligonucleotides

were designed to amplify a region spanning parts of exon 5
and 6. A total of 25 ng of RNA/reaction was used to quantify
NABP1 and RORγ mRNA levels, while 25 pg of RNA/reaction
was used to quantify 18S rRNA. RNAs were reverse transcribed
for 30 min at 48 ◦C, denatured for 10 min at 95 ◦C, followed by
40 cycles consisting of 15 s at 95 ◦C, and 60 s at 60 ◦C. Average
threshold cycle values from triplicate PCR reactions for NABP1
and RORγ were normalized against the threshold cycle values
obtained for 18S rRNA, which served as an internal control. All
standard curves produced r2 values above 0.99.

Cell culture and retrovirus infection

CV-1 cells were cultured in Dulbeco’s modified Eagle’s
medium containing 10% FBS. The packaging cell line pT67
was grown in RPMI-1640 plus 10% FBS. pT67 cells were
transfected with pLXIN-3XFLAG–NABP1 plasmid DNA using
FuGENETM 6 transfection reagent (Roche, Indianapolis, IN,
U.S.A.) and stable cell lines were established after G418 selection.
Conditioned medium containing the retrovirus was prepared and
stored at −70 ◦C. Subsequently, CV-1 cells were infected with
the retrovirus in the presence of polybrene (8 µg/ml). After
G418 (1000 µg/ml) selection, CV-1 cell lines stably express-
ing FLAG–NABP1, FLAG–NABP1�N, and FLAG–NABP1�C
were obtained.

Isolation of nuclear extracts and Sephacryl chromatography

CV-1 cells stably transfected with pLXIN-3XFLAG–NABP1
were collected, washed in PBS, and then resuspended in 10 ml
of buffer A [15 mM KCl, 3.75 mM NaCl, 37.5 µM spermin,
125 µM spermidine, 0.5 mM EDTA and 3.75 mM Tris (pH 7.4)].
After centrifugation for 5 min at 2000 g, nuclear extracts were
prepared as described previously [29]. This isolation proce-
dure includes a 1 h incubation with 100 µg/ml DNase I. Nuclear
proteins were separated by Sephacryl 300 HR column chromato-
graphy with elution buffer [15 mM KCl, 150 mM NaCl and
20 mM Tris (pH 7.4)]. Blue Dextran, β-amylase, yeast alcohol
dehydrogenase, FBS, and carbonic anhydrase were used as mol-
ecular-mass standards. Fractions were assayed for the presence of
FLAG–NABP1 protein either by dot-blot or Western blot analysis
using an anti-Flag M2 antibody (Sigma). The dot-blot staining was
quantified using a Fluorskan 8900 (Alpha Innotech, San Leandro,
CA, U.S.A.) apparatus.

Subcellular localization

The subcellular localization of NABP1 was examined in CV-1
cells that stably expressed either the FLAG–NABP1, FLAG–
NABP1�N, or FLAG–NABP1�C fusion protein. Cells were
plated in culture medium in glass-bottom culture dishes (MatTek
Corp., Ashland, MA, U.S.A.) and 24 h later were fixed in 4%
paraformaldehyde. Cells were washed in PBS and then incubated
with a mouse anti-FLAG M2 antibody (Sigma) followed by
incubation with an Alexa Fluor® 594 goat anti-mouse antibody
(Molecular Probes, Eugene, OR, U.S.A.). Cells were washed
with PBS and nuclei were stained with DAPI (4′-6-diamidino-2-
phenylindole). Fluorescence was examined using a Zeiss confocal
microscope LSM 510 NLO (Zeiss, Thornwood, NY, U.S.A.).

Nucleic acid binding assay

Purified NABP1 protein was incubated with 125 ng of single-
stranded viral DNA (�X174) (New England BioLabs), 125 ng
of double-stranded DNA (1.3 Kb), or 0.5 µg of total RNA in
binding buffer A [20 mM Tris (pH 7.5), 50 mM NaCl, 1 mM
EDTA and 0.1 mg/ml of FBS] for 20 min at room temperature.
The DNA or RNA was then analysed by 0.8% agarose gel
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Figure 1 Nucleotide and amino acid sequences of mouse NABP1

(A) The nucleotide and putative amino acid sequences of mouse NABP1. The start and stop codons are in bold type. Underlined nucleotide sequences indicate the location of the forward and reverse
primers (thin lines), and the probe (thick lines) used in real-time reverse transcriptase-PCR analysis. (B) Schematic view of the genomic structure of the mouse NABP1 gene. The genomic structure
was deduced from the alignment of the cDNA sequences AY880264 and AK028886 with the mouse genomic DNA sequence (GenBank® AC125518.3) containing the NABP1 gene. Black boxes
indicate exons. The NABP1 gene generates two major transcripts via alternative splicing, that encode the same coding region but differ in their 3′-UTRs. The generation of the two variant transcripts
was confirmed by reverse transcriptase-PCR using DNA-free RNA from thymus and three different primer sets, as described in the Materials and methods section. The location of the forward (F) and
reverse (R) primers is indicated in (B). The primer sets F1/R1, F1/R2 and F2/R3 each generated a PCR product of the size predicted by the genomic structure (C). In (A), the location of the 5 common
introns is indicated by open arrows; the start of the alternative intron 6 is indicated by the filled arrow.

electrophoresis. Gels were stained with ethidium bromide and
DNA visualized by UV illumination. Oligonucleotides were end-
labelled with [γ -32P]-ATP by T4 polynucleotide kinase (Promega,
Madison, WI, U.S.A.) and were then purified using MicroSpinTM

G-25 columns (Amersham Biosciences). [32P]-labelled single-
stranded oligonucleotides (10 pM) were incubated in binding
buffer B [10 mM Tris/HCl (pH 7.5), 1 mM MgCl2, 0.5 mM
EDTA, 0.5 mM DTT, 50 mM NaCl and 4% glycerol] with
purified NABP1 protein for 40 min at room temperature. The
reaction mixtures were then analysed by electrophoresis on 10%
native polyacrylamide gels. The radiolabelled oligonucleotides
were visualized by autoradiography.

RESULTS

Identification of NABP1

Previous studies have demonstrated that RORγ 2 exhibits several
important regulatory functions in the thymus [9,10,15,30];
however, little is known about the genes regulated directly or
indirectly by RORγ 2 in this tissue. To identify genes regulated

by RORγ 2 in this tissue, microarray analysis was performed
using RNA derived from thymocytes of wild-type and RORγ −/−

mice. This analysis identified many mRNAs that were either
induced or repressed in the thymus of RORγ −/− mice (GEO,
http://www.ncbi.nlm.nih.gov/geo/). A partial list of differentially
expressed mRNAs is shown in Table 1 in the Supplementary
material (http://www.BiochemJ.org/bj/397/bj3970089.add.htm).
The list of RNAs down-regulated in RORγ −/− thymocytes
included RORγ (RORC), the transcription factor EGR1 (early
growth response gene product 1), GLCCI1 (glucocorticoid-
induced transcript 1), and a novel mRNA not reported previously.
This mRNA encoded a 22 kDa protein containing one OB-fold
motif at its N-terminus. Since an OB-fold is frequently implicated
in nucleic acid binding, we named it mouse NABP1 (mNABP1).
The nucleotide and putative amino acid sequences are shown in
Figure 1.

Alignment of our mouse NABP1 cDNA sequence (AY880264)
with sequences in GenBank® identified a cDNA sequence
(AK028886) encoding a larger 3.1 kb NABP1 transcript. This
variant transcript encoded the same coding region as AY880264;
however, the two transcripts differed in their 3′-UTRs
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Figure 2 Multiple amino acid sequence alignment of mouse (m) and human (h) NABP1 and NABP2, the Xenopus (x) homologue of NABP2, and the putative
Drosophila (d) NABP homologue

(A) The OB-fold domain is shaded. (-) indicates sequence identity with mNABP1; (.) indicates a gap. The β-strands are indicated by black bars. (B) Phylogenetic relationship between NABP1 and
NABP2 from different species.

(untranslated regions). By aligning the two cDNA sequences
with the mouse genomic sequence we deduced that this variant
transcript is generated by alternative splicing. It was concluded
that the smaller transcript is encoded by exons 1–6a, whereas the
larger transcript is encoded by exons 1–6b and 7 (Figure 1B). This
conclusion is supported by reverse transcriptase-PCR analysis
with the primer sets F1/R1, F2/R3 and F1/R2 (Figure 1C). These
primer sets specifically amplify exon 6a, exon 7, and a region
spanning parts of exon 6 and 7 respectively. Each of these three
reactions produced a PCR product of the predicted size (492,
503 and 554 bp respectively) (Figure 1C). A schematic view of
the genomic structure and the alternative splicing is shown in
Figure 1(B). The location of the five shared introns and the start
of the alternative exon 6 is indicated in Figure 1(A).

Figure 2(A) compares the amino acid sequence of mouse
NABP1 with that of human (GenBank® BC017114) and
rat NABP1 (GenBank® BC089852). Mouse NABP1 exhibits
97% and 86% homology with rat and human NABP1 res-
pectively (Figure 2A). In addition, the sequence of a previously
unreported protein, closely related to that of NABP1, was
identified and referred to as NABP2 (GenBank® NP 076973).
NABP2 consists of 212 amino acids, and like NABP1, contains
one OB-fold motif at its N-terminus. NABP1 and NABP2 exhibit
an overall homology of 52% but show an 83% identity within
their OB-fold domain (Figure 2A). The OB-fold of NABP1
and NABP2 is 80 and 94% identical respectively, to the
sequence of an unpublished Xenopus laevis protein (GenBank®

AAH70793) and shows a 62–69% identity with a previously
unpublished Drosophila melanogaster protein (NP 609115),
suggesting that they may be the homologues of Xenopus and
Drosophila NABPs. The phylogenetic relationship between these
proteins is shown in Figure 2(B). Based on sequence simi-

larities, the Xenopus protein is more closely related to NABP2
than NABP1, and therefore was named xNABP2. The mouse
and human NABP1 genes map to chromosome 1C1 and 2q32.3
respectively, whereas the NABP2 genes map to mouse chromo-
some 10D3 and human chromosome 12q13.3.

The sequence of the OB-folds identified in NABPs exhibits little
homology with those of other OB-fold proteins. OB-folds can be
recognized on the basis of their distinct topology and consist of a
β-barrel formed by five β-sheets.

Secondary structure analyses (http://cubic.bioc.columbia.edu/
predictprotein) predicted the presence of five β-sheets in the OB-
fold of NABP1 and NABP2 (Figure 2A) that aligned with
OB-folds present in SSB (single-stranded DNA-binding protein)
and RPA-like proteins (results not shown) [17,31]. In contrast with
the SSB and RPA-like proteins NABP1 and NABP2 do not appear
to contain an α-helix between their third and fourth β-sheets.

Tissue-specific pattern of expression of NABPs
To analyse the tissue-specific expression of NABP1 and 2, we
performed Northern blot analysis using RNA from multiple mouse
tissues. Although NABP1 mRNA was present in many tissues,
the level of expression in these tissues differed significantly.
NABP1 mRNA was expressed at relatively high levels in heart,
kidney, thymus, testis and placenta and at low levels in all other
tissues (Figure 3A). In most tissues, the NABP1-specific probe
hybridized to two transcripts, 2.8 and 3.1 kb, whereas in testis the
probe hybridized to two additional transcripts of 1.8 and 0.81 kb.
By contrast, the NABP2-specific probe hybridized to only one
transcript of 3.0 kb that was expressed at similar levels in all
tissues analysed.

We next determined whether the 2.8 and 3.1 kb transcripts
represented the variant transcripts described in Figure 1(B).
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Figure 3 Tissue-specific expression of NABP1 and NABP2 mRNA

(A) Total RNA from various mouse tissues was examined by Northern blot analysis using
radiolabelled probes for NABP1 and NABP2. The sizes (kb) of the NABP transcripts are indicated
on the left. (B) The NABP1 gene generates two major transcripts via alternative splicing. The
generation of these two transcripts was confirmed by Northern blot analysis using probes
encoding the full-length (FL) NABP1 cDNA AY880264, the C-terminal (CT) half of the coding
region of NABP1, and exon 7 (E7). The CT probe hybridizes to both transcripts whereas the
E7 probe detects only the larger transcript, which is in agreement with the alternative splicing
shown in Figure 1(B).

Northern blot analysis was performed using probes for full-length
NABP1, the region encoding the C-terminus of NABP1 (amino
acids 117–198), and exon 7 (E7). As shown in Figure 3(B), the
full-length and C-terminal probes hybridized to both transcripts,
whereas E7 hybridized only to the larger transcript. These results
support the conclusion that the NABP1 gene generates two variant
transcripts, by alternative splicing, that differ in their 3′-UTRs
(Figure 1B).

Differential regulation of NABP1 in thymus

NABP1 was initially identified by microarray analysis as one of
the genes that was down-regulated in the thymus of RORγ −/−

mice. To validate this observation, we compared the level of
NABP1 mRNA expression in the thymus of wild-type and
RORγ −/− mice by Northern blot analysis. As shown in Fig-
ure 4(A), NABP1 mRNA was highly expressed in the thymus
of wild-type mice but its expression was dramatically decreased
in the thymus of RORγ −/− mice. The lack of RORγ expression
did not affect the expression of NABP1 mRNA in other tissues,
including heart, kidney and testis (Figure 4B). In contrast with
NABP1, NABP2 expression was unchanged in the thymus of
RORγ −/− mice (Figure 4A). In addition, the expression of both
NABP1 and NABP2 was unaltered in the thymus of staggerer
(RORαsg/sg) mice which are deficient in RORα expression (results
not shown). These observations suggest that repression of NABP1
in RORγ −/− mice is restricted to the thymus. This is interesting
when compared with the previously reported expression pattern
of RORγ 2. These studies showed that expression of RORγ 2
in the thymus is restricted to CD4+CD8+ (DP) thymocytes
[1,3,10,30]. To further examine the possible correlation between

Figure 4 Expression of NABP1 mRNA is suppressed in the thymus of
RORγ −/− mice

(A) Total RNA was isolated from thymi of wild-type (RORγ +/+) and RORγ −/− mice, and then
examined by Northern blot analysis using radiolabelled probes for RORγ , NABP1 and NABP2. In
each case tissues from three different mice were analysed. (B) RORγ does not regulate NABP1
expression in heart, kidney and testis. Total RNA was isolated from heart, kidney and testis
of wild-type (RORγ +/+) and RORγ −/− mice, and then examined by Northern blot analysis
using radiolabelled probes for RORγ . (C) NABP1 mRNA is abundant in CD4+CD8+ (DP)
thymocytes. Total RNA was isolated from CD4−CD8− (double negative, DN), DP, and CD4+ and
CD8+ (single positive, SP) thymocytes from wild-type and RORγ −/− mice. The expression of
NABP1 and RORγ mRNA was quantified by real-time reverse transcriptase-PCR as described
in the Materials and methods section. The locations of the primers and probe are indicated in
Figure 1(A).

the expression of NABP1 and RORγ 2, we compared the ex-
pression of NABP1 in several thymocyte subpopulations from
wild-type and RORγ −/− mice. As shown in Figure 4(C), real-time
reverse transcriptase-PCR analyses demonstrated that in wild-
type mice the level of NABP1 mRNA was much higher in
DP thymocytes compared to double-negative and single-positive
thymocytes. Moreover, the expression of NABP1 mRNA was
greatly decreased in DP thymocytes from RORγ −/− mice. These
results indicate that during thymopoiesis NABP1 and RORγ 2
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Figure 5 Subcellular localization of NABP1 protein. 3XFLAG–NABP1,
3XFLAG–NABP1�N, and 3XFLAG–NABP1�C fusion proteins were stably
expressed in CV-1 cells

The subcellular localization of these proteins was examined by confocal microscopy using a
mouse anti-Flag M2 antibody and an AlexaFluor® 594 goat anti-(mouse IgG) antibody (B,
D and F) as described in the Materials and methods section. Nuclei were identified by DAPI
staining (A, C and E). (A) and (B), 3XFLAG–NABP1; (C) and (D), 3XFLAG–NABP1�C; (E) and
(F), 3XFLAG–NABP1�N.

mRNA are expressed in a very similar pattern. This finding,
together with the observed repression of NABP1 in the thymus of
RORγ −/− mice, is in agreement with the hypothesis that NABP1
expression is directly or indirectly controlled by RORγ 2.

Previous studies have shown that RORγ mediates its tran-
scriptional regulation by binding to ROREs (ROR-response
elements) consisting of the core motif, AGGTCA, preceded by
an AT-rich region [32]. Examination of the 10 kb promoter-regu-
latory-region of the mouse NABP1 gene showed the presence of
several DNA sequences similar to the consensus RORE. However,

EMSAs (electrophoretic mobility shift assays) demonstrated that
RORγ 2 was unable to bind any of these potential ROREs (results
not shown). These results suggest that RORγ regulates NABP1
either through an RORE further up- or down-stream of this
10 kb promoter-regulatory-region, or that it regulates NABP1
expression indirectly.

Subcellular localization of NABP1

To examine the subcellular localization of NABP1, CV-1 cell
lines were generated that stably expressed 3XFLAG–NABP1,
or the deletion mutants 3XFLAG–NABP1�C or 3XFLAG–
NABP1�N. The subcellular localization of NABP1 was then
analysed by confocal microscopy using an anti-FLAG M2 anti-
body. As shown in Figure 5(B), the expression of the full-length
NABP1 protein was largely restricted to the nucleus where it was
localized in a speckled pattern. 3XFLAG–NABP1�C, containing
the N-terminal half of NABP1, including the OB-fold, was also
associated with the nucleus (Figure 5D). However, 3XFLAG–
NABP1�N, containing only the C-terminal half, localized to
both the cytoplasm and nucleus (Figure 5F). These observations
suggest that NABP1 is a nuclear protein and indicate that the
N-terminus plays an important role in retaining NABP1 in
the nucleus.

NABP1 is part of a high-molecular-mass protein complex

Since most nuclear proteins do not function alone but interact
with other nuclear proteins, we examined whether NABP1 is
part of a larger nuclear protein complex. Nuclear lysates were
prepared from CV-1 cells stably expressing FLAG–NABP1 and
nuclear proteins fractionated by Sepharose S-300 size-exclusion
chromatography. The elution of the FLAG–NABP1 protein was
monitored by dot-blot and Western blot analysis. As shown in
Figure 6, the majority of the eluted FLAG–NABP1 protein was
approx. 2000 kDa, suggesting that NABP1 may be part of a high-
molecular-mass complex.

NABP1 binds single-stranded nucleic acids

Although OB-folds have been implicated in protein–protein
interactions, they are frequently involved in nucleic acid re-
cognition [17,33,34]. Since NABP1 contains an OB-fold motif at

Figure 6 NABP1 is part of a high-molecular-mass protein complex

Nuclear lysates were isolated from CV-1 cells stably expressing the FLAG–NABP1 fusion protein. Proteins were then separated by Sephacryl 300HR size-exclusion chromatography. The column was
calibrated using Blue Dextran (2000 kDa), β-amylase (200 kDa), yeast alcohol dehydrogenase (150 kDa), FBS (66 kDa) and carbonic hydrase (29 kDa) as molecular-mass standards. The arrows
indicate the fraction number at which these standards were eluted. Samples of each fraction were examined by immuno dot-blot analysis for the presence of the FLAG–NABP1 protein. The level of
immunostaining was quantified and plotted as the relative level of FLAG–NABP1 protein. In addition, samples from several fractions were examined by Western blot analysis with the anti-Flag M2
antibody as shown in the inset.
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Figure 7 NABP1 protein binds single-stranded, but not double-stranded,
DNA

(A) PAGE of purified MBP–NABP1(full-length, FL) (lane 2) and MBP–NABP1�N (lane 3) fusion
proteins. Molecular-mass markers were run in lane 1. Protein was identified by Coomassie
Brilliant Blue staining. Both proteins migrated as single bands of the expected molecular mass.
(B)–(D) Single-stranded �X174 viral DNA (B and C), and double-stranded DNA (D) were
incubated with increasing amounts of MBP–NABP1(FL) or MBP–NABP1�N fusion proteins at
the concentrations indicated and were then analysed by 0.8 % agarose gel electrophoresis as
described in the Materials and methods section.

its N-terminus, we analysed whether NABP1 was able to interact
with nucleic acids. To investigate this, MBP–NABP1 (full-length)
and MBP–NABP1�N fusion proteins were purified (Figure 7A),
incubated with single-stranded viral DNA (�X174 DNA) con-
taining 5386 nt, and subsequently DNA–protein complexes were
analysed by 0.8% agarose gel electrophoresis. As shown in
Figure 7(B), NABP1 caused the single-stranded DNA band to
shift to a band with less mobility. The shifted band migrated
increasingly slowly with larger amounts of NABP1 protein. This
was probably due to the binding of an increasing number of
NABP1 molecules to one DNA strand. By contrast, incubation
of NABP1 with double-stranded DNA did not cause a significant
shift in the mobility of the DNA (Figure 7D). Full-length NABP1
was also able to bind RNA (Figure 8A). Incubation of �X174
DNA or RNA with the C-terminus of NABP1 did not cause a
change in the mobility of the nucleic acids (Figures 7C and 8B),
indicating that as expected the OB-fold domain is required for
nucleic acid recognition. Our results demonstrate that NABP1
binds single-stranded DNA and RNA but not double-stranded

Figure 8 NABP1 protein binds to RNA

Total cellular RNA (0.5 µg) was incubated for 20 min at room temperature with MBP–NABP1
or MBP–NABP1�N fusion proteins at the concentrations indicated. The reaction mixture was
separated on a 0.8 % agarose gel and then visualized by ethidium bromide staining. FL,
full-length; CT, C-terminal.

DNA. Therefore NABP1 appears to function as a single-stranded
nucleic acid binding protein.

Next, we examined the binding of NABP1 to random oligo-
nucleotides, 10, 20, 30, 50 and 80 nt in length (dN10–dN80).
The 32P-labelled oligonucleotides were incubated with increas-
ing amounts of purified NABP1 protein, and the formation of
NABP1–oligonucleotide complexes was analysed by EMSA. As
shown in Figure 9(A), even in the presence of 2 µM NABP1
protein, very little NABP1 protein bound to oligonucleotide dN10

suggesting that NABP1 has a low affinity for dN10. When
dN20 was incubated with NABP1, a single retarded band was
observed at the higher NABP1 concentrations (Figures 9A and
9B). Almost 50 % of the probe was shifted in the presence of
2 µM NABP1. We do not yet know whether NABP1, as has
been reported for other OB-fold proteins [26,35], binds to nucleic
acids as a monomer or multimer. Incubation of dN30 and dN50 with
NABP1 yielded one retarded band at low NABP1 concentrations,
whereas at higher NABP1 concentrations an additional band
with even lower mobility appeared. The second band probably
represents an oligonucleotide that is bound to two single NABP1
proteins, or a multimeric NABP1 complex. With dN80, most of
the labelled nucleotides migrated as the second shifted band,
suggesting that most oligonucleotides are in complex with two or
more NABP1 molecules. Examination of the binding of NABP1
to oligonucleotides (dT)35, (dC)35, (dG)35 and (dA)35 demonstrated
that NABP1 was able to bind (dT)35 and (dC)35, but exhibited weak
affinity for (dG)35 and (dA)35 (Figure 9C).

DISCUSSION

In the present study, we describe the identification of two novel,
closely related proteins, referred to as NABP1 and NABP2. Both
NABPs contain one OB-fold motif at their N-terminus. The
OB-folds of NABP1 and NABP2 are 83% identical and are
highly conserved between species. The OB-fold of the Xenopus
homologue of NABP2 exhibits 94% identity with mouse and
human NABP2. Outside their OB-fold, NABP1 and NABP2 share
little homology. Although the C-terminal halves of human NABP1
and mouse NABP1 are moderately conserved, they contain several
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Figure 9 Binding of NABP1 to single-stranded oligonucleotides

(A) Single-stranded 32P-labelled oligonucleotides, 10, 20, 30, 50 and 80 nt in length (dN10–dN80), were incubated with increasing concentrations of NABP1 and then analysed by EMSA. (B) The
fraction of bound (shifted) DNA was measured by a Fluorskan 8900 apparatus. (C) Binding of NABP1 to 32P-labelled single-stranded dG35, dA35, dT35 and dC35.

short sequences that are highly homologous. These regions of
homology may have functional importance and may play a role
in the interaction of NABP1 with other proteins. The OB-folds
of NABPs share little sequence homology with those of other
known OB-fold proteins. The latter is in agreement with previous
observations showing a low level of sequence homology between
OB-folds in different proteins [17,34]. Sequence alignment
analysis with Meta-BASIC indicated that the OB-folds of NABPs
are most closely related to those of archaeal SSB proteins from
Sulfolobus, Methanococcus jannaschii (mjaSBB) and Thermus
thermophilus [26,31,36].

OB-folds usually span a sequence of 70–150 amino acids and
are comprised of 5 to 6 β-strands that form a closed β-barrel
that is often capped by an α-helix located between the 3rd and
4th β strands [17,34]. Secondary structure analyses (http://cubic.
bioc.columbia.edu/predictprotein) predicted that the OB-folds of
NABP1 and NABP2 also contain five β-sheets (Figure 2A) that
align with those present in archaeal SBB proteins [26,31,36].
However, the OB-folds of NABPs do not appear to contain an
α-helix in the loop between their third and fourth β-strands.

Confocal microscopy demonstrated that the NABP1 protein
localized largely to the nucleus. Because NABP1 is small and
does not contain a nuclear localization signal, it potentially enters
the nucleus by itself through nuclear pores. However, we cannot
rule out the possibility that NABP1 enters the nucleus as part
of a protein complex that is assembled in the cytoplasm. The
accumulation of NABP1 in the nucleus is dependent on the OB-
fold since NABP1 that lacks the OB-fold was equally distributed
between the cytoplasm and nucleus. Moreover, an NABP1 mutant
consisting of only the OB-fold also localized mainly to the
nucleus. In the nucleus, NABP1 may become associated with

other nuclear proteins or bind nucleic acids which help to retain it
in the nucleus. Analysis of nuclear extracts by Sephacryl 300
HR column chromatography indicated that NABP1 eluted at
approx. 2000 kDa supporting the hypothesis that NABP1 may
be part of a high-molecular-mass complex. A number of OB-
fold proteins have been shown to bind nucleic acids as part of
a multimeric complex [19,20]. RPA, which plays a critical role
in replication, recombination and repair, consists of a complex
of three OB-fold proteins: RPA70, RPA32 and RPA14 [20,27].
Our analysis of nuclear NABP1 complexes by Sephacryl 300 HR
column chromatography suggests that this may also be the case
for NABP1.

Although OB-folds can be involved in protein–protein inter-
actions, they have been largely implicated in the binding of
single-stranded nucleic acids (DNA/RNA) [17,33,34]. Our results
demonstrate that NABP1 binds single-stranded DNA and RNA,
but not double-stranded DNA, suggesting that NABP1 functions
as a single-stranded nucleic binding protein. NABP1 exhibited
low affinity for dN10 oligonucleotides. The affinity of NABP1 for
oligonucleotides increased with the length of oligonucleotides,
as did the number of NABP1 molecules interacting with the
oligonucleotide. SSBs from S. solfataricus and Streptococcus
pneumoniae have been reported to bind nucleic acids as a
tetramer [26,35]. Binding of SSB monomers to single-stranded
DNA requires 4–5 nt per monomer, whereas the binding of SSB
tetramers requires a binding site of 20–25 nt [26]. Based on
our observations that NABP1 effectively binds oligonucleotides
only when their length exceeds 10 nt, one might conclude that
NABP1 proteins bind nucleic acids as a multimer rather than as a
monomer. Future studies will determine whether NABP1 is able
to form homodimers or tetramers.
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Many OB-fold proteins, including SSB proteins, interact with
single-stranded DNA in a sequence independent manner and
prevent degradation by nucleases or the formation of secondary
structures [17]. However, some OB-fold proteins, including Pot1
(protection of telomeres 1) [22], bind specific nucleic acid se-
quences. We show that NABP1 binds oligo(dT) and oligo(dC)
with much higher affinity than oligo(dG) and oligo(dA). The
weak affinity for oligo(dG) and oligo(dA); however, might be
due to their high propensity to form secondary structures as has
been reported for the oligonucleotide binding of human BRCA2
[25]. At present, we cannot rule out whether, in vivo, NABP1 inter-
acts with a specific nucleic acid sequence with a higher affinity
than with random oligonucleotides.

NABP1 and NABP2 are expressed in many tissues (Figure 3).
Although NABP2 mRNA is expressed in all tissues almost
equally, NABP1 is most highly expressed in testis and thymus.
Through alternative splicing, the NABP1 gene generates two
variant transcripts that encode the same protein but differ in their
3′-UTRs. Real-time reverse transcriptase-PCR analyses demon-
strated that in the thymus NABP1 expression is differentially regu-
lated and is most highly expressed in DP thymocytes. These
results suggest that NABP1 expression is induced when double-
negative thymocytes differentiate into DP thymocytes and is
repressed when DP thymocytes mature into single-positive T
lymphocytes. This expression pattern is very similar to that re-
ported for the nuclear receptor, RORγ 2 [2,10]. DP thymocytes are
only one of two cell types in which RORγ 2 (RORγ t) has been
reported to be expressed, whereas RORγ 1 is expressed in the
remaining tissues. Northern blot and real-time reverse transcript-
ase-PCR analyses further demonstrated that NABP1 expression
was greatly repressed in the thymus and DP thymocytes of
RORγ −/− mice. In contrast with NABP1, NABP2 expression did
not change in the thymus of RORγ −/− mice. Moreover, the lack
of RORγ did not affect NABP1 expression in other tissues. Thus
the expression of NABP1 in RORγ +/+ DP thymocytes and the
decreased expression in RORγ −/− DP thymocytes correlates with
that of RORγ 2. These observations suggest that the expression
of NABP1 is dependent on RORγ 2 and that transcription of
the NABP1 gene may be directly or indirectly regulated by
RORγ 2. The regulation of NABP1 in DP thymocytes resembles
that of Bcl-XL, another gene controlled by RORγ 2 [9,10].
Like NABP1 and RORγ 2, Bcl-XL expression is restricted to
DP thymocytes and is repressed in RORγ −/− DP thymocytes.
Repression of Bcl-XL in RORγ −/− DP thymocytes is the main
cause for the accelerated apoptosis observed in these cells [9,10].
RORs regulate gene transcription by binding to ROREs in the
regulatory region of target genes [1,5,32,37]. Whether RORγ 2
regulates the transcription of NABP1 and Bcl-XL by a direct or
indirect mechanism has yet to be established. Analysis of a 10 kb
promoter-regulatory-region of NABP1 identified several potential
ROREs. However, EMSA analyses showed that RORγ 2 did not
bind to any of these potential ROREs. These findings suggest
that NABP1 might be regulated by an RORE either up- or down-
stream of this 10 kb regulatory region or is regulated indirectly
by RORγ 2, possibly through another transcription factor the
expression of which is controlled by RORγ 2.

In summary, in the present study we have identified two novel
nucleic acid binding proteins, NABP1 and NABP2. We show that
in the thymus the expression of NABP1, but not that of NABP2,
is dependent upon the expression of RORγ 2. These observations
suggest that transcription of the NABP1 gene is directly or in-
directly regulated by RORγ 2. We further demonstrate that
NABP1 is a nuclear protein that binds single-stranded nucleic
acids. Although the precise function of NABP1 has yet to be
established, its specific expression in DP thymocytes, cells that

undergo a high frequency of DNA rearrangements, raises the poss-
ibility of a role in DNA recombination or repair in these cells.
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