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Structure and Organization of the Human Neuronatin Gene
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Neuronatin is a brain-specific human gene that we
recently isolated and observed to be selectively expressed
during brain development. In this report, the genomic
structure and organization of human neuronatin is
described. The human gene spans 3973 bases and
contains three exons and two introns. Based on primer
extension analysis, a single cap site is located 124 bases
upstream from the methionine (ATG) initiation codon, in
good context, GAACCATGG. The promoter contains a
modified TATA box, CATAAA (-27), and a modified
CAAT box, GGCGAAT (-59). The 5’
-flanking region
contains putative transcription factor binding sites for
SP-1, AP-2 (two sites), δ-subunit, SRE2, NF-A1, and
ETS. In addition, a 21-base sequence highly homologous
to the neural restrictive silence element that governs
neuron-specific gene expression is observed at -421.
Furthermore, SP-1 and AP-3 binding sites are present in
intron 1. All splice donor and acceptor sites conformed
to the GT/AG rule. Exon 1 encodes 24 amino acids, exon
2 encodes 27 amino acids, and exon 3 encodes 30 amino
acids. At the 3’
-end of the gene, the poly(A) signal,
AATAAA, poly(A) site, and GT cluster are observed.
The neuronatin gene is expressed as two mRNA species,
αand β
, generated by alternative splicing. The α-form
contains all three exons, whereas in the β
-form, the
middle exon has been spliced out. The third nucleotide of
all frequently used codons, except threonine, of
neuronatin is either G or C, consistent with codon usage
expected for Homo sapiens. This information about the
structure of the human neuronatin gene will help in
understanding the significance of this gene in brain
development and human disease. ©1996 Academic Press, inc.

amino acids embedded in the middle of its coding region.
These findings suggest that the α
- and β
-forms were
alternatively spliced; however, other possibilities such as
being generated by different promoters or even by different
genes needed investigation. Although both forms were
selectively expressed in the brain, the appearance of the β
form coincided with closure of the neural tube and the
onset of neuroepithelial stem cell proliferation in the
ventricular zone (17).
These observations led us to investigate the involvement
of neuronatin in human brain development. Using rat
neuronatin-αcDNA as the probe, we screened a human
fetal brain cDNA library and sequenced both forms of
human neuronatin cDNA [GenBank Accession Nos.
U25033 (α-form) and U25034 (β
-form)]. The deduced
proteins for human neuronatin-αand -βcDNA were highly
conserved compared to those in the rat [GenBank
Accession Nos. U08290 (α-form) and U09785 (β
-form)].
The protein sequences in both species were identical,
except for the substitution of two residues near the Cterminal end. This degree of conservation in mammalian
species may indicate that the neuronatin gene is
functionally important. To determine the basis for the
generation of the α- and β
-forms and to help understand its
brain-specific expression, we proceeded to sequence the
human neuronatin gene.
Based on an analysis of the sequences of human neuronatin cDNA isoforms and their mRNA on Northern
blotting, neuronatin mRNA was estimated to be about 1.21.3 kb. Consequently, the neuronatin gene would be
predicted to be 4-10 kb, leading us to screen a λFixII
library (Stratagene, La Jolla, CA) containing 9-to 23-kb
inserts of partially restricted Sau3AI fragments of human
placental genomic DNA. As the total human genome
contains about 3.0 x 109 bp, to obtain one or two positive
clones, assuming neuronatin is in single copy, a minimum
of 0.3 million individual plaques containing 2.7 x 109 to 6.9
x 109 bp (about one to two times the size of the human
genome) would need screening. An aliquot (0.02 µl) of the
h
uma
ng
e
no
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cλFi
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Ilibrary, with a titer of 1.5 x 1010
PFU/ml, was used to infect Escherichia coli XL-Blue MRA
strain (Stratagene) at 37°C for 15 min in 15 ml of phage
dilution buffer (50 mM Tris-Cl, 90 mM NaCI, 0.01% gelatin, pH 7.0) to an optical density of 0.35 at 590 nm. The

Neuronatin was first identified in neonatal rat brain (16).
Subsequent studies revealed that neuronatin mRNA exists
as two isoforms, α and β(17). The α-form encodes a
protein of 81 amino acid residues, and the β-form encodes
54. The two forms had the same open reading frame and
were identical, except that the α-form contained an
additional 81-hp region encoding 27
Sequence data from this article have been deposited with the
EMBL/GenBank Data Libraries under Accession No. U31767.
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host cells were preinduced with 0.2% maltose overnight in
LB medium containing 10mM MgSO4. The cell suspension
was mixed with 200 ml of LB containing 0.7% agar, kept at
49°C, and poured onto 40 plates (ø10 cm) containing a base
of 2% agar. Following incubation (37°C for 18 h), the
plaques measuring about ø1-2 mm were transferred onto
nylon membrane. The membranes were then denatured in a
solution containing 0.5 M NaOH and IM NaCI for 1 min,
neutralized in 0.7M phosphate buffer (pH 6.5) for 2 min,
and rinsed with 10x SSC (0.15 M sodium citrate, 1.5 M, pH
7.0). Thereafter, the membranes were UV-crosslinked (254
nm for 5 min) and used for hybridization with human
neuronatin-β cDNA. The cDNA was 32P-labeled using
random primer extension (Rediprime, Amersham, Arlington Heights, IL) and purified using Nick Columns
(Amersham). Hybridization was carried out at 70°C for 24
h with 1 x 106 cpm/ml of labeled probe (specific activity of
0.8 x 109 cpm/µg) in 200 ml of a solution containing 5x
SSC,
lx
Denhardt
(0.02%
Ficoll,
0.02%
polyvinylpyrrolidone, 0.02% BSA), 0.5% SDS, and 200
µg/ml of denatured salmon sperm DNA. The blots were
washed with 0.1% SDS for 1 h and autoradiographed for 6
h without intensifying screens. As predicted, two plaques
showing strong hybridization with the human neuronatin
cDNA probe were identified.
Genomic DNA clones isolated by Southern hybridization may contain pseudogenes or highly homologous genes
(1, 4). Therefore, restriction digestion analysis was carried
out to help distinguish them. Individual phage plaques were
transferred into 20 µl of phage dilution buffer using pipette
tips and mixed with 10 µl of overnight cultures of XL-Blue
MRA strain. The suspension was used to inoculate 5 ml of
LB medium containing 0.9% maltose and 5 mM MgSO4
and incubated overnight at 37°C with continuous shaking.
A similar procedure was used for amplification in 300 ml.
The released host DNA and RNA present in the phagelysed solution were removed by incubation (37°C for 2 h
with 5mg RNase A and 500 U DNase I. Phage particles
were precipitated using 12.5% PEG 8000 and 6.5 M NaCl
at 0°C for 1 h with centrifugation (20,000g for 30 min).
Pellets were suspended in TE buffer (pH 8.0), and traces of
PEG and phage coat proteins were removed with
chloroform and phenol. Following ethanol precipitation,
phage DNA was dissolved in the same buffer. The DNA
samples (5 µg), prepared from the two positive clones, and
was digested in separate reactions with EcoRI, BamHI,
PstI, XhoI, HindIII, and NotI. In some reactions,
combinations of enzymes were also used. The restriction
fragments were separated on 1% agarose gel in TBE buffer
(100mM Tris-borate, 2 mM EDTA, pH 9.0), denatured
with 0.5 M NaOH for 30 min, neutralized with 1 M Tris-Cl
buffer (pH 7.5), transferred onto nylon with 10x SSC,
rinsed with 2x SSC for 5 min, and UV-crosslinked. The
blots were hybridized with 1 x 106 cpm/ml of 32P-labeled
neuronatin cDNA with a specific activity of 5 x 108 cpm/µg
at 65°C for 5 h in a speed hybridization buffer containing
2x SSPE (20 mM NaH2PO4, 30 mM NaCI, 10 mM EDTA,
pH 7.4), 7% PEG 8000, and 7% SDS.
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FIG.1. Outline of the approach used for the identification and
analysis of the human neuronatin gene. This gene was isolated
from a human genomic DNA library using the human neuronatin,
cDNA as the probe. (Top) The restriction map of both clones is
shown. The 6-kb BamHI fragment, containing the neuronatin
gene, was digested with EcoRI, and the resulting fragments (2.3
and 3.7 kb) were separately subcloned into pGEM7Zf) (+) and
sequenced by primer walking as described in the text. (Bottom)
The structure of the gene is shown. The promoter/operator and
exons are depicted as rectangular boxes, and the two intervening
introns are shown by thin horizontal lines. The distance from the
5’
-end of the gene is shown in kilobases. Some important
restriction sites are indicated.

To reduce the amount of background signal, each blot was
placed between pieces of Whatman filter paper during
hybridization. The blots were washed with a solution containing 0.2x SSC and 0.1% SDS. The restriction patterns
with both clones were similar. This suggested the absence
of pseudogenes and that comparable regions of the neurona
tin gene were present in both phage clones (Fig. 1).
Based on the above restriction analysis, a 6-kb BamHI
fragment showing strong hybridization with human
neuronatin-βcDNA was further characterized. When this
fragment was gel-purified and digested with EcoRI, two
fragments of 2.3 and 3.7kb were generated. The 2.3-kb
fragment hybridized with a probe generated from the 5’
end of neuronatin cDNA (a 141-bp PstI fragment from the
5’
-end of the human neuronatin-βcDNA), but not with a
probe from the 3’
-end of the cDNA (a 193-bp fragment of
the 3’
-end of neuronatin containing the poly(A) signal,
generated by PCR using
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primers 5’
-TGCGCCTCTACTGCACCGC-3’ and 5’
CCCTGGTCTCATGCAGTTGTGG-3’
). On the other
hand, the 3.7-kb fragment hybridized with the 3’
-end probe
of human neuronatin cDNA, but not with the probe specific
for the 5’
-end. These results suggested that the 6-kb BamHI
fragment may contain the complete neuronatin gene, with
the 2.3-kb BamHI-EcoRI fragment encoding the promoter
and operator regions. Therefore, these two fragments (2.3
and 3.7 kb) were subcloned into pGEM7Zf(+) (Promega,
Madison, WI) by white/blue selection on X-Gal LB plates
(10). Cycle sequencing with dideoxy chain termination was
carried out using the fmol sequencing system (Promega)
(27). The 5’
-flanking region of the gene was sequenced by
primer walking, beginning with the primer synthesized to
be specific for the 5’
-end of human neuronatin-βcDNA.
About 1.5 kb of the upstream 5’
-flanking region of the
neuronatin gene was sequenced. Using a similar approach,
the 3’
-end of the gene was sequenced beginning with a
primer that recognized the 3’
-untranslated region of human
neuronatin-βcDNA. Thereafter, the intervening region of
the gene was sequenced by primer walking in both
directions. The complete sequence of the human neuronatin
gene was 3973 bases long (Fig. 2).
The promoter of the human neuronatin gene contains a
modified CAAT box, GGCGAAT at -59, and a modified
TATA box, CATAAA at -27. The C of the prototypical
CAAT box was substituted by G, and the first T of the
canonical TATAAA box was replaced with C. Such
modified or TATA-less promoters are known to be present
in several other brain-specific genes, including synapsin-I,
aldolase C, neural cell adhesion molecule, and olfactory
neuron-specific protein (13, 20, 22, 28). The CATAAA box
in the neuronatin promoter was identical to that seen in the
human aromatic L-amino acid decarboxylase gene, which
is another neuron-specific gene (2, 29).
Several putative transcription factor binding sites were
found in the 5’
-flanking region. These include consensus
sequences for SP-1, AP-2 (two sites), δ
-subunit, SRE-2,
NF-A1, and ETS. Neural restrictive silencer element
(NRSE),
with
the
consensus
motif
[TT(C/
T)AG(C/A/T)ACC(A/G)CGGA(C/G)AG(T/C/A)(G/
A)CC], determining neuron-specific gene expression, was
present at -421 of the neuronatin gene. NRSE regions are
present in genes that exhibit neuron-specific expression,
such as synapsin-I, SCG10, Na/K-AT-Pase α 3-subunit,
and sodium channel-II (19, 21, 25, 26). Therefore, we
suspect that the NRSE of neuronatin may also be
functionally important in determining its brain (and
neuron)-specific expression. The first intron of

the human neuronatin gene also contains binding sites for
SP-1 and AP-3. Similar sites have been noted in the first
intron of human ATP synthase α-subunit (1) and human
proto-oncogene c-myb (15). Moreover, there are several
unusual AT islands located in the first intron of the
neuronatin gene. Although the functional significance of
these sites needs to be determined, there is increasing
evidence indicating a regulatory role for the first intron in
gene expression (23).
Mapping of the transcription initiation site in the human
neuronatin gene was carried out by primer extension
analysis of human fetal brain mRNA using a labeled
oligonucleotide complementary to the region immediately
preceding the start of the open reading frame. Only one
reverse-transcribed cDNA product was seen on primer
extension (Fig.3). This identified a single transcription start
site located 124 bases upstream from the methionine (ATG)
initiation codon and 27 bases downstream from the
modified TATA box. This is a typical distance between the
TATA box and the mRNA transcription start site (24).
The neuronatin gene contains three exons and two
introns. All 5’
- and 3’
-splice sites matched with the
consensus sequences (5, 11). The first exon has 195 bases,
and the second exon has 81 bases, which are typical exon
sizes in vertebrates (6). The third exon has 1016 bases,
somewhat larger than the average size of the last exon in
vertebrates (9, 12). The putative branch point sequences.
TGCTAAA for intron 1 and TGCTATC for intron 2, were
found between 25 and 35 bases upstream from the AG-3’
cleavage sites of the introns. All introns of this gene
conformed with the GT/AG rule (8, 11). No other exon- or
intron-like structures were noted in the human neuronatin
genomic DNA sequence.
The first exon, encoding 24 amino acids, contains the
prototypical translation initiation site in good context,
GAACCATGG (18). Exon 2 encoded 27 amino acids, and
exon 3 encoded 30 residues. Based on the genomic
structure, it is clear that the α-form of neuronatin mRNA,
encoding a protein of 81 amino acid residues, is derived
from all three exons. The β
-form of neuronatin mRNA,
encoding a protein of 54 amino acid residues, is derived
from a combination of the first and third exons. These
results imply that the α- and β-isoforms of human
neuronatin mRNA were generated by differential splicing
of the middle exon (exon 2). Interestingly, a putative αhelix transmembrane hydrophobic domain in the Nterminal of the deduced human neuronatin protein was
entirely encoded by the first exon, and the highly basic
hydrophilic domain at the C-termi-

FIG.2. The complete human neuonatin gene sequence. Nucleotide numbering begins at the 5’
-end of the first exon (transcription start site).
Regions exhibiting homology to consensus sites for transcription factors are underlined: SP-1, AP-2 two sites), δ
-subunit, SRE-2, NRSE. NF-A1
and ETS within the 5’
-flanking region: SP-1 and AP-3 within intron-1; and modified CAAT and TATA boxes. The transcription start site is
indicated by a thick horizontal arrow. The exon/intron boundaries are indicated by vertical arrows. The coding regions of the three exons and
their deduced amino acid sequences are shown using the three-letter code. The translation initiation site, stop signal. Poly(A) signal, and GT
cluster are also underlined. The GenBank Accession No. for the human neuronatin gene is U31767.
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Codon usage in the neuronatin gene was analyzed based
on information derived from more than 10,000 genes
present in the GenBank database (30). The third nucleotide
of all frequently used codons, except threonine, of
neuronatin was noted to be either a G or a C. The G + C%
at the third nucleotide of a codon is believed to be
important in determining codon usage in higher vertebrates
(3, 14). The most frequently used codons in humans were
found to be those with a higher G + C% at their third
nucleotide position. The high G + C% seen in the third
nucleotide position of the neuronatin codons is consistent
with that expected for Homo sapiens. The neuronatin gene
did not contain any codons for histidine or aspartic acid.
At the 3’
-end of the neuronatin gene, a typical poly(A)
signal and GT cluster were noted to be present. The
poly(A) signal, AATAAA, was located 62 bases 5’to the
poly(A) site, with the usual distance being 15-20 bases.
However, a GT cluster was present, as would be expected,
5 bases downstream of the poly(A) site. The location of the
GT cluster was comparable to that seen in other genes, such
as human interferon, rabbit β
-globin, and mouse amy-1a
(7).
In conclusion, we describe the complete sequence of the
human neuronatin gene. The gene spans 3973 bases and
consists of three exons and two introns, which encode two
alternatively spliced mRNA iso-forms, αand β
. The 5’
flanking region of neuronatin contains modified TATA and
CAAT boxes and a neural restrictive silencer element that
governs neuron-specific expression.
FIG. 3. Mapping of human neuronatin mRNA transcription
start site by primer extension. Primer extension was carried out on
human fetal mRNA 18-24 weeks old) (Clontech, Palo Alto, CA),
using
a
complementary
oligonucleotide
(5’
GGAACCAAGAATGGTAGGTG-3’
) designed to hybridize the
region of human neuronatin mRNA immediately preceding the
open reading frame between positions -20 and -1, where +1
defines the first A of the start codon methionine ATG. The
oligonucleotide was 5’
-end labeled with [y-32P]ATP using T4
polynucleotide kinase. The labeled primer (8 ng) was hybridized
with 1.5 µg of human fetal brain mRNA at 42oC for 3 h in 100 µl
of a solution containing 50 mM Pipes (pH 6.5), 400 mM NaCl, 1
mM EDTA, and 70% formamide. The DNA/RNA hybrids were
precipitated with ethanol, resuspended in 30 µl of 1X reverse
transcriptase buffer (50mM Tris-Cl, 40 mM KCI, 6mM MgCI2,
and 1 mM DTT, pH 8.3), and incubated with 200 units of
SuperScript II RNase H- reverse transcriptase (BRL, Gaithersburg,
MD) at 37oC for 15 min and then at 45oC for 45 min. The reaction
was stopped by incubation at 90oC for 2 min and combined with
0.3X volume of solution containing 10 mM NaOH, 95%
formamide. 0.05%. bromophenol blue, and 0.05% xylene cyanole.
The transcripts generated from the reaction were analyzed on 8 M
urea-6% polyacrylamide gel and autoradiographed. A single
product of 124 nucleotides was visualized. The four lanes to the
right show products of sequencing reactions used here as size
markers.

nal was encoded by exon 3. The middle exon was neither
hydrophobic nor hydrophilic, and its significance is even
less clear.
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