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Abstract
Human brain development is a continuum governed by differential gene expression. Therefore, we proceeded to identify 

genes selectively expressed in the developing brain. Using differential display and library screening, a novel rat cDNA,
neuronatin, was identified and used to screen a human fetal brain cDNA library. Human neuronatin cDNA was isolated and 
sequenced. The cDNA was 1159 bp long and corresponded in size to the 1.25 kb message detected on Northern analysis.
Neuronatin mRNA was selectively expressed in human brain during fetal development, but became repressed in adulthood. 
When studied in the rat, neuronatin mRNA first appeared at mid-gestation in association with the onset of neurogenesis,
becoming most pronounced later in development when neuroepithelial proliferation and neuroblast commitment are manifest,
and declined postnatallv coinciding with the completion of neurogenesis. The deduced protein has two distinct domains, a 
hydrophobic N-terminal and basic C-terminal rich in arginine residues. Both the amino acid sequence and secondary structure of 
this amphipathic polypeptide exhibited homology to PMP1 and phospholamban, members of the ‘proteolipid’ class of proteins 
which function as regulatory subunits of membrane channels. The neuronatin gene, 3973 bases long, contains in its 5’-flanking 
region a neural restrictive silencer element which may govern neuron-specific expression. Based on screening a somatic cell 
hybrid panel, neuronatin gene was assigned to chromosome-20. And, using deletion constructs of chromosome-20 and 
fluorescence in situ hybridization, neuronatin was localized to chromosome-20q 11.2-12. In conclusion, neuronatin is a novel 
human gene that is developmentally regulated and expressed in the brain. The deduced protein is a proteolipid that may function 
as a unique regulator of ion channels during brain development. The definitive localization of neuronatin to human chromosome 
20q11.2-12 provides the basis to investigate this gene as a candidate in neuro-developmental diseases that may also map to this 
region.
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1. Introduction

Age may govern the ability of neurons to resist injury. 
For example, it is well known that to establish neurons in 
culture, embryonic brain needs to he used, the adult brain 
is nearly useless for this purpose. Anecdotal accounts of 
infants and children being able to withstand hypoxic in-
jury, such as in drowning accidents, better than adults are
indirect support for this belief. Further analysis along these 
lines highlights another obvious difference between the 
developing and adult brain. The developing neuron grows,
but the adult neuron does not! What might the reason(s) be 
for these differences? An answer to these questions may 
help provide approaches to rekindle growth in the mature
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neuron. As the genes themselves are largely 
unchanged during development, the basis for these 
differences in embryonic and adult brain must involve 
differential gene expression. This reasoning lead us to 
hypothesize that there are genes selectively expressed 
in the developing brain that confer growth potential 
and cytoprotection.

Our more limited goal, accomplished in studies 
thus far, was to identify neuronatin, a novel gene that 
is selectively expressed in the developing rat brain. 
Using differential display to compare gene expression 
in developing and mature rat brain, we initially 
isolated neuronatin from neonatal rat brain [20]. 
Subsequently, neuronatin mRNA was observed to be 
selectively expressed in the brain in a developmentally 
regulated manner [21]. Other investigators, using in 
situ hybridization techniques, noted neuronatin
mRNA to be expressed in the developing hind-



D. Dou, R. Joseph / Brain Research 723 (1996) 8-22 9

brain [54]. The appearance of neuronatin mRNA first in 
rhombomeres 3 and 5 of early embryonic mice suggests a 
role in hindbrain segmentation. The implication that this 
gene may function in early mammalian brain development 
justifies the present study to isolate human neuronatin
mRNA and gene, and determine its location in the human 
genome. The results have in part been published in abstract 
form [12-14].

2. Materials and methods

2.1. Overall plan of study

We began this series of experiments initially using rat 
brain and later human brain. First, RNA extracted from 
neonatal and adult rat brain was reverse-transcribed using 
degenerate primers, and the cDNA fragments compared by 
differential display [20]. cDNA fragments selectively ex-
pressed in neonatal brain were isolated, cloned and se-
quenced. The cDNA fragments with unique sequences, 
when used to screen a neonatal rat brain cDNA library, 
resulted in the isolation of a novel clone, neuronatin, which 
in turn was used to screen a human fetal brain cDNA 
library. Thereafter, human neuronatin cDNA was used to 
screen a human genomic library leading to the sequencing 
of human neuronatin gene. The genomic clone was also 
used for fluorescence in situ hybridization and 
chromosomal localization.

2.2. Screening of human fetal brain cDNA library and 
isolation of human neuronatin cDNA

The human fetal brain cDNA library was a random 
primed 5’-stretch plus λgt11 library prepared using oligo-
(dT) (Clontech, Palo Alto, CA). RNA for preparing the 
library was obtained from tissue pooled from seven 
spontaneously aborted human fetuses of 20-26 weeks 
gestation (Clontech, pers. commun.). A titer of 1.6 X 108

pfu/ml was used for screening. E. coli Y1090r- strain 
(BRL, Gaithersburg, MD) was transfected in liquid lysate
and an estimated 20000 plaques prepared. The infection 
was carried out at 37°C for 30 min in 40 ml of phage 
dilution buffer (50 mM Tris, 90mM NaCI, 0.01% gelatin,
pH 7.0) to a cell density of 0.3 at 600 nm. The host cells 
used for infection were pre-induced by treatment with 
0.2% maltose overnight in LB supplemented with 10 mM 
MgSO4. The infected cells were mixed with 10 times its
volume of LB containing 0.7% agar (pre-warmed to 
49°C) and divided (5 ml/dish) into 80 dishes (100 mm 
each). All dishes were pre-loaded with 2% agar in LB 
medium. After overnight incubation at 37°C, the plaques 
measuring about 1-2 mm (250-300 plaques/dish), were 
transferred onto nitrocellulose (Gelman, Ann Arbor, MI). 
The membranes were denatured in a solution containing 
0.5 M NaOH and 1 M NaCl, neutralized using buffer (0.7 
M phosphate, pH 6.5), 

each applied for 2 min, and quickly rinsed in 10 X SSC. 
The membranes were cross-linked using short wave UV for 
5 min and used for Southern hybridization. The rat 
neuronatin cDNA probe (20) was 32P-labeled by random 
priming (Promega, Madison, WI) and purified using col-
umn separation (Pharmacia, Upsala, Sweden). The hy-
bridization was performed overnight at 65-70°C with 0.5-1 
X 106 c.p.m./ml of probe at a specific activity of 0.5 X 109

c.p.m./µg in 250 ml of a hybridization solution containing 5 
X SSC (70 mM sodium citrate, 750 mM NaCl, pH 7.0), 1 X 
Denhart’s solution (0,02% ficoll, 0.02% 
polyvinylpyrrolidone, 0.02% BSA), 0.5% SDS and 200 
µg/mI salmon sperm DNA. The blots were washed three 
times in 0.2 X SSC containing 0.1% SDS for 10 min and 
autoradiographed overnight between intensifying screens.

Plaques showing strong hybridization were screened 
again and purified. The purified phage was used to re-infect 
E. coli Y1090r- cells, and a 300 ml lysate prepared [44]. 
The lysate was treated with RNase A (100 µg/ml) and 
DNase I (10 U/ml) for 2 h at 37°C. The phage was 
precipitated using 12.5% PEG 8000 and 7 M NaCl, 
incubated at 0°C for 1 h. and centrifuged (15000 X g for 30 
min). Phage DNA was isolated by phenol/chloroform 
extraction and ethanol precipitation. Human cDNA inserts 
were released by digestion of phage DNA with EcoRI, and 
subcloned into pGEM7fZ( +) vector at the same restriction 
site to generate constructs in the forward and reverse 
orientations [15].

Fifty µg of closed circular plasmid DNA prepared by
the acid method was completely digested with a 
combination of SacI and HindIII [56]. The vector with 
intact SP6 promoter on the SacI side would be protected, 
while the human cDNA fragment on the HindIII side was 
accessible to digestion by ExoIII in a 5’-direction. A 
series of deletion constructs were generated by 
incubation with ExoIII [3,19]. The concentration of 
ExoIII used was 10 U/µg DNA. Aliquots of the reaction 
mixture kept at 22°C were removed at 1.5 min intervals 
and placed at 0°C. The cohesive end was blunt-ended by 
incubation with S1 nuclease (12 U/µg DNA) at 22°C for 
30 min, and filled-in using Klenow (2 U/µg DNA) at 
37°C for 5 min. The deleted DNA fragments were ligated 
using T4  DNA ligase and transformed into E. coli JM109 
strain. The plasmids were selected as described [30].

DNA sequencing was carried out using the dideoxy-se-
quencing [45] and thermal cycle amplification with the 
fMol Sequencing System (Promega, Madison, WI). The 
SF6 primer was used to sequence the ExoIII constructs,
and custom synthesized oligonucleotides (DNA Interna-
tional, Oswego, OR) were used to confirm the open read-
ing frame.

2.3. Northern hybridization

Total RNA from human fetal (18-24 weeks) and adult 
(60 years) brain were also obtained from Clontech, Palo
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Alto, CA. RNA from rat tissues was isolated by the acid 
guanidinium thiocyanate method [7]. Briefly, fresh tissue 
samples were homogenized on ice in 25 mM sodium citrate 
buffer (pH 7.0) containing 4 M guanidinium thiocyanate, 
0.5% sarcosyl and 100 mM β-mercaptoethanol. Protein and 
DNA were eliminated by mixing with 100mM sodium
acetate, 0.5 X volume of phenol and 0.1 X volume of 
chloroform, followed by centrifugation. The RNA was 
precipitated with an equal volume of isopropanol and 
washed with 75% ethanol. The RNA pellet was dissolved 
in DEPC-H20 and kept at - 80°C.

Samples of total human RNA (15 µg) were mixed with 
3 X volume of denaturing and staining solutions (25 mM 
MOPS, 20% formaldehyde, 50% formamide. 100 ng/ml 
ethidium bromide and 2mM EDTA). The mixture was 
incubated at 65°C for 5 min, combined with 0.25 volume of 
loading buffer (50% glycerol, 0.1 % bromophenol blue and 
2 mM EDTA), and applied on 10% formaldehyde- 1.5% 
agarose gel and electrophoresed. RNA was transferred onto 
nylon membrane (Micro Separations, Westboro, MA), and 
UV cross-linked for 3 min. The blot was prehybridized in a 
solution containing 5 X SSPE (40 mM NaH2PO4, 750mM 
NaCl, 4mM EDTA, pH 7.4), 10 X Denhardt’s solution, 
50% formamide, 2% SDS and 100 µg/ml denatured salmon 
sperm DNA at 42°C for 3 h. Hybridization was continued 
with a fresh batch of the same solution containing 32P-
labeled human neuronatin cDNA in a concentration of 5-10 
X 106 c.p.m./ml, at a specificity of 1-2 X 109 c.p.m./µg 
DNA. The hybridization was performed at the same 
temperature for 18 h. The blot was washed three times 
using 2 X SSC/0.05% SDS at room temperature for 10 min
and autoradiographed.

2.4. Hydropathy and densitometrv analyses

The protein structure was analyzed using the program of 
Hitachi Hibio Prosis Protein Analysis System. The window 
size was set at 7. KYTE.THR mode was selected for 
calculation [25]. Quantitation of Northern blots was carried 
out using Bio-Rad GS-670 Imaging Densitometer and 
Molecular Analysis System. Quantitation of changes in 
neuronatin mRNA expression was controlled with glyc-
eraldehyde 3-phosphate dehydrogenase (G3PDH) mRNA 
expression using Microsoft Excel software.

2.5. Screening of somatic hybrid cell panel

Human-rodent somatic cell hybrid panel (Bios, New 
Haven, CT) was screened using pruners designed to specif-
ically hybridize the 3’-untranslated region of human neu-
ronatin cDNA. The two primers, N-75 (5’-TGCGC-
CTCTACTGCACCGC-3’) and N-94 (5’-
CCCTGGTCTCATGCAGTTGTGG-3’) flanking the poly-
A signal site were synthesized to amplify a 193 bp product 
that would he expected to be specific for human neuronatin 
gene. The PCR reactions were carried out with hot-start

and by a two step amplification protocol. Template DNA 
(190 ng) was used for the first step in a volume of 50 µl 
containing 50 mM Tris (pH 8.3), 80 mM KCl, 2.5 mM 
MgCl2, 195 µM dNTP, 40 ng each of primers N-75 and N-
94, and 0.5 U of Taq polymerase. Each cycle consisted of
denaturation at 95°C for 1 min, annealing at 45°C for 30s, 
and extension at 72°C for 2 min, for a total of 30 cycles. A 
5 µl aliquot from the resulting reaction mixture was taken 
through a second amplification step with 1 U Taq 
polymerase for 25 cycles, each cycle consisting of denatu-
ration, annealing and extension at 95°C, 56°C and 72°C 
respectively, for 1 min each. The amplified fragments were 
separated on 1.5% agarose gel and visualized after staining 
with ethidium bromide.

2.6. Screening of human genomic library and isolation of 
human neuronatin gene

Human neuronatin cDNA was used to probe a human 
placental genomic DNA lambda Fix II library (Stratagene, 
La Jolla, CA). The library consisted of partially digested 
Sau3AI fragments. The hybridization was carried out at 
70°C for 24 h. The phage containing human neuronatin 
genomic clone was taken into 100 µl of phage dilution 
buffer and inoculated with 50 µl of overnight cultures of 
XL-BIue MRA (Stratagene, La Jolla, CA) in 10 ml of LB 
medium containing 0.9% maltose and 5 mM MgSO4. After 
incubation at 37°C for 18 h, the resulting lysate was used to 
inoculate 500 ml of medium using the same procedure. 
Host nucleic acid was removed by incubation at 37°C for 2 
h with 10 mg of RNase A and 1000 units of DNase I. The 
phage particles were precipitated with 12.5% PEG 8000 
and 6.5 M NaCl, at 0°C for 45 min followed by centrif-
ugation at 20000 X g for 20 min. The pellet was suspended 
in 50 ml of saline-Tris buffer (100 mM NaCl, 1 mM 
EDTA, 25 mM Tris, pH 8.0). PEG was removed using 
chloroform, and phage coat proteins removed with phenol. 
After ethanol precipitation, the DNA was dissolved in 1 ml 
of saline-Tris buffer and purified by chromatography. The 
DNA solution was applied to a saline-Tris pre-equilibrated 
column (1.2 cm wide and 36 cm high), packaged with 
agarose beads (Bio-Gel A-5m, Bio-Rad, Richmond, CA). 
The sample was fractionated into 0.5 ml aliquots using the 
same saline-Tris buffer and elution monitored with 260 nm 
UV. Fractions between 11 and 18 ml were pooled and 
precipitated using ethanol. Purified human neuronatin
genomic clone was used to carry out chromosomal 
localization by fluorescence in situ hybridization. 
Thereafter, the clone was analyzed by restriction digestion. 
subcloned and cycle-sequenced by the dideoxy-chain 
termination method [45].

2.7. Fluorescence in situ hybridization

Fluorescence in situ hybridization (FISH) was carried 
out using biotin-labeled human neuronatin genomic clone
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as the probe and human lymphocyte metaphase spreads. 
Metaphase cells were obtained from phytohemagglutinin 
stimulated human lymphocyte cultures using established 
cytogenetic procedures [51]. Human neuronatin genomic 
clone was biotin-labeled by nick-translation using a combi-
nation of DNA polymerase I and DNase I (Clontech, Palo 
Alto, CA). The labeling reaction containing 1 µg of 
chromatographically purified lambda phage DNA, 10 units 
of polymerase I and 400 pg of DNase I, was incubated at

16°C for 3 h in a 100 µl reaction. The mixture also 
contained 20 mM biotin-21-dUTP, 20 µM each of dATP, 
dCTP and dGTP, 8 mM β-mercaptoethanol, 10 µg/ml BSA 
and 50 mM Tris buffer (pH 7.5). The reaction was stopped 
by adding 20 mM EDTA. The labeled probe was purified 
by Sephadex G-50 (Nick Spin Columns, Pharmacia,
Alameda, CA). Before hybridization, chromosomes were 
characterized by G-banding using a modified protocol 
[6,42]. Briefly, the slides were treated with 100 µg/ml

Fig.1. Plan of study leading to the identification of human neuronatin cDNA. F an R indicate the forward and reverse printers of λ-phage, 
Primers. HF1 and HR1, flanking the open reading frame was used to confirm the presence of identical coding regions in both clones.
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RNase A in 2 X SSC at 37°C for 1 h and dehydrated in 
70%, 95% and 100% ethanol at room temperature or 2 min
each, and allowed to air dry. The slides were incubated at 
70°C for 2 min in a denaturing solution containing 2 X SSC
and 70% formamide, dehydrated at 0C in the same ethanol 
series. The biotin-labeled probe (100-150 ng) and 50 µl of 
hybridization buffer (Oncor, Gaithersburg, MD) were 
denatured at 70°C for 5 min. The denatured probe was 
applied to the denatured slide, cover-slipped, sealed with 
rubber cement and incubated overnight at 37°C. Following 
hybridization, the slides were washed with 50% formamide 
in 2 X SSC for 15 min and in 2 X SSC at 37°C for 8 min. 
The hybridization signal was detected and amplified using 
Texas Red/avidin and anti-avidin antibody (Oncor). The 
chromosomes were counter-stained with 4’,6-diamidino-2-
phenylindole. In a parallel experiment, signal was 
amplified using FITC-avidin and anti-avidin antibody. The 
chromosomes were counter-stained with propidium iodide.

3. Results

3.1. Isolation and sequencing of human neuronatin cDNA

An outline of the methods used is shown (Fig.1). Using 
rat neuronatin probe to screen the human fetal brain cDNA 
library, five plaques showing strong hybridization were 
identified. The sizes of the inserts in these five plaques 
were analyzed by PCR using the λ-forward and reverse 
primers flanking the cloning site. Two plaques, containing 
the longest inserts of about 1.2 kb, were purified. Both ends 
of the inserts were sequenced. Although this revealed that 
both cDNA clones were generated from the same mRNA 
one possessed the complete 3’-end with poly(A) signal but 
the other did not. The EcoRI digestion and PCR results 
indicated that both inserts contained no internal EcoRI
sites. Therefore, the inserts were released intact by 
digestion with EcoRI, sub-cloned into pGEM7fZ( + ) at the 
same restriction site, and used for sequencing. The resulting 
plasmids, pDR101 and pDR102, carried the same human 
cDNA inserts but in opposite orientations. These two 
plasmids allowed us to sequence the insert from both ends 
of the cDNA. Both these clones were used to prepare 
deletion constructs with a combination of SacI/HindIII and 
ExoIII digestion. The deletion constructs were ligated, 
transformed, DNA prepared, and sequenced using SP6
primer and cycle-sequencing. The DNA sequence revealed 
an open reading frame extending from position 72 bp to 
234 bp (GenBank #U25034) (Fig.2). Besides this, 
neuronatin also had an alternatively spliced form which 
encoded 81 amino acids (GenBank #U25033). Both forms 
had the same open reading frame. The longer isoform (α)
was encoded by all three exons, whereas, the shorter (β) 
isoform, the focus of this report, was encoded only by 
exons 1 and 3. The only difference

Fig.2. The nucleotide and deduced amino acid sequence of human 
neuronatin cDNA. The predicted amino acid sequence is shown 
below the nucleotide sequence using the three-letter code. The 
sequence containing the ATG initiation codon is in good context, 
GAACCATGG, and is indicated by stars. The putative α-helix 
transmembrane segment is underlined. The six arginine residues 
located in the hydrophilic C-termina1 domain are shown in bold. 
The stop codon, TGA, is indicated by a dashed line. The poly(A) 
signal, AATAAA, is also indicated by stars. The GenBank 
accession number is U25034.

between the two forms was that the middle exon was spiced 
out in the β-form. The isoforms possessed a consensus 
translational initiation site, GAACCATGG [22], and a 
canonical poly(A) adenylation signal. AATAAA, located 
between 1094 and 1100 bp. GenBank analysis using the 
BLAST server revealed that neuronatin cDNA had partial 
homology to the 3’-untranslated region of one form of rat 
calbindin-D28K isolated by Lomri et at. [27]. There was no 
homology to any of the other forms of calbindin-D28K 
present in the database. Moreover, the coding regions of 
calbindin-D28K and neuronatin were separated by 746 bp. 
Therefore. neuronatin and calbindinD28K are two different 
genes.

3.2. Neuronatin protein structure and homology

The deduced gene products for neuronatin αand β 
were 9.2 and 6.15 kDa respectively. The hydrophobicity 
plot of human neuronatin cDNA indicated the presence of 
two distinct domains, a hydrophobic domain at the N-
terminal (encoded by exon-1) and a hydrophilic domain at 
the C-terminal (encoded by exon-3) (Fig. 3). The middle 
exon, present only in the α-form was neither hydrophobic 
nor hydrophilic. The hydrophobic domain contained about 
23 amino acid residues. This was a suitable size to form a
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Fig.3. Hydrophobicity profile of the deduced human neuronatin
protein. The hydrophobicity profile was determined using the 
method of Kyte and Doolittle [25]. Hydrophobic regions (residues 
1-23) are above the zero-line, and hydrophilic regions (residues 24-
54) are below this line. Hydrophobicity was determined using 
windows of seven amino acids, and generated using Protein 
Analysis System (Hitachi. San Bruno, CA).

transmembrane α-helix structure [1,49]. The experimental 
results also support that it was a membrane protein. When 
neuronatin cDNA was fused to LacZ, the expressed fusion
protein was observed to be anchored in the E. coli cyto-
plasmic membrane (data not shown). The C-terminal do-
main of neuronatin was hydrophilic and highly basic, and 
was 20% (6 of 30 amino acids) constituted by arginine 
residues. The primary amino acid sequence of human 
neuronatin showed about 50% homology with two known 
proteins, PMP1 [37] and phospholamban [48], that function 
as subunits of H+-ATPase and Ca2+-ATPase, respectively 
(Fig. 4). The structural organization of these three poly-
peptides was also similar, each consisting of two domains, 
a hydrophobic transmembrane domain and a charged 
hydrophilic-domain.

Fig. 4. Amino acid sequence alignment of human neuronatin with PMP1 and phospholamban (top panel) Although, the left side of the alignment 
is predicted to be the α-helix domain, it begins with the N-terminal for neuronatin and PMP1, and with the C-terminal for phospholamban. The 
predicted secondary structures of the three polypeptides are also shown (bottom panel).

Fig 5 Human neuronatin mRNA expression in fetal and adult brain. Total RNA extracted from human fetal and adult brain was separated using 
formaldehyde/agarose gel electrophoresis. RNA (15 µg) was applied in each lane. UV photography of the ethidium bromide (EtBr) strained gel 
prior to transfer is shown (left panel). rRNA (28S and 18S) positions are indicated. Following transfer to a nylon membrane, the blot was 
hybridized with human neuronatin cDNA (middle panel). Thereafter, the blot was stripped using 1% SDS for 20 min at 98-100oC, and re-
hybridized using G3PDH as the control probe (right panel).
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3.3. Neuronatin mRNA expression in human fetal brain

Human neuronatin expression was analyzed by North-
ern hybridization using full length human neuronatin 
cDNA. As both isoforms were identical, except for the 
presence of the middle exon in the α-form, we used 
neuronatin-βcDNA as the probe in all Northern blotting 
experiments described in this report. The expression pattern 
seen was similar to that we observed earlier in the rat using 
neuronatin-αcDNA as the probe [21]. After hybridization 
with neuronatin, the blot was stripped and rehybridized 
with human G3PDH as the control probe (Fig. 5). 
Neuronatin mRNA is selectively expressed in human fetal 
brain (18-24 weeks), compared to the adult (60 yrs) brain. 
Densitometric quantitation, controlled with G3PDH 
mRNA, indicated that the expression of neuronatin mRNA 
in fetal brain was 23 times greater than that in the adult.

3.4. Neuronatin mRNA expression in other human fetal 
tissues

An mRNA blot prepared from human fetal (18-24 
weeks) brain, lung, liver and kidney (Clontech, Palo Alto. 
CA) was hybridized with human neuronatin cDNA (Fig. 
6). Neuronatin mRNA was selectively expressed in brain, 
and not in lung, liver or kidney. Densitometric analysis re-
vealed that the expression in fetal brain was 28, 46 and 138 
times higher than in the lung, kidney and liver, 
respectively. In additional experiments using rat tissue, we 
noted that neuronatin mRNA was not expressed in the 
heart, skin and muscle (data not shown).

3.5. Neuronatin mRNA expression during mammalian 
development

In order to investigate the expression of neuronatin 
mRNA during development, Northern analysis was carried 
out using RNA extracted from rats aged, E7-10, E11-14, 
E16-19, P3, P90 (3 months) and P990 (33 months) and
human neuronatin cDNA as the probe. Neuronatin mRNA 
first appeared at E11-14, peaked at E16-19, and declined to 
traces in the adult brain (Fig. 7). Quantitation was carried 
out using densitometry, the level of expression at E7-10 
was set as 1 unit. Relative to this, the expression at E11-14 
was 8 units, and at E16-19, 44 units. This increase in 
neuronatin mRNA expression coincided with a rapid 
increase in brain growth. Postnatally, neuronatin mRNA 
expression decreased to 9 units by P3 and was at baseline 
by 3 months of age. The developmental changes seen in the 
rat are somewhat comparable to the changes seen in the 
human. Neuronatin mRNA expression in human fetal brain 
at 18-24 weeks (Fig. 5), and that in the rat at about a 
comparable developmental stage (E11-19), indicated that in 
both species there was a 20-30 fold increased expression 
during embryogenesis over that seen in the adult.

3.6. Organization of the human neuronatin gene

Human neuronatin gene was isolated from a genomic 
library using human neuronatin-β cDNA as the probe. The 
clone was mapped, fully sequenced by PCR primer-
walking, and deposited in GenBank (#U31767) (Fig. 8a). 
The gene was 3973 bases long consisting of three exons
and two introns. Analysis of the 5’-flanking region revealed 
a sequence that was highly homologous to the neural 
restrictive silencer element (NRSE). NRSE governs 
neuron-specific expression, and this may be the reason that 
neuronatin is selectively expressed in the brain. The NRSE 
alignment comparison between human neuronatin, SCG10 
[34], sodium channel-II [23] and synapsin-I [26] are shown 
(Fig. 8b).

Fig. 6. Human neuronatin mRNA expression in fetal tissues. A 
blot containing human fetal RNA derived from brain, lung, liver 
and kidney (Clontech, Palo Alto, CA) was hybridized with human 
neuronatin cDNA (top panel). The same blot was stripped and re-
hybridized with G3PDH (bottom panel). RNA size markers are 
also indicated.
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Fig. 7. Neuronatin mRNA expression during rat brain development. The expression of neuronatin mRNA was studied at different development 
stages of the rat using the human cDNA probe. Northern hybridization blot is shown (inset). The Densitometric analysis of the Northern blot was 
plotted against rat developmental stages, and compared to that in the human.

3.7. Localization of neuronatin to human chromosome-20

The human-rodent somatic hybrid panel was screened to
help localize human neuronatin gene. Twenty hybrid DNA
samples   containing   different   combinations   of human

chromosomes were used for PCR amplification with 
specific primers. In order to design the primers. The 3’-
untranslated region of human (GenBank #U25034) and rat 
(GenBank #U08290) neuronatin cDNA was chosen as this 
was  the  least homologous  region between  the  two

Fig. 8. (a) Map of the human genomic clone, containing the neuronatin gene, used for chromosomal localization. The DNA sequence encoding 
the entire human neuronatin gene has been deposited in GenBank (#U31767). (b) Homology of the neural restrictive silencer elements of 
neuronatin, SCG-10, sodium channel-II (NaII) and synapsin-I. The location of NRSE is indicated from the transcription cap site for each gene.
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species. A single product of 193 bp was predicted (Fig. 9). 
This fragment was specifically amplified only from the two 
DNA samples containing chromosome-20, BIOS756 and 
BIOS940 (Table 1). None of the other 18 hybrid cell lines 
contained chromosome-20, and indeed, no products were 
amplified. These results conclusively localize, with 0%
discordance, the neuronatin gene to chromosome-20.

Fig. 9. Screening of human-rodent hybrid cell lines by PCR using 
primers specific for the 3’-untranslated region of human 
neuronatin cDNA. The PCR products were analyzed on 1.5%
agarose gel and stained with ethidium bromide. Cell lines, #010 
through #1099, are indicated, Sample #016 is a hybrid of human 
and mouse, the rest are all hybrids between human and Chinese
hamster. Amplification was also carried out using human, Chinese 
hamster. mouse and rat genomic DNA samples. Only DNA 
derived from cell lines #756 and #940, which contain 
chromosome-20, exhibited amplification of the predicted product 
of 193 bp. Molecular size markers are indicated (BRL, 
Gaithersburg, MD).

3.8. Localization to the long arm of chromosome-20

A series of deletions of human chromosome-20 were 
used for sub-chromosomal localization (Fig. 10). These 
constructs were analyzed by PCR using the same 
neuronatin-specific primers and conditions described above. 
CF80-8, the hybrid cell line containing the 20q12-20q13 
region of chromosome-20 did not amplify the specific 
fragment indicating that neuronatin was not located on the 
end of the long arm. With the deletion construct CF21-2, 
containing the 20q11.2-20q13 region, amplification of the 
neuronatin-specific product was observed. The predicted 
product was also seen with GM10478, which contained 
chromosome-20 in its entirety. These results indicate that 
neuronatin gene is located between 20q 11.2 and 20q12.1.

3.9. Localization to chromosome-20q 11.2-12

FISH was used to confirm the results of the somatic 
panel mapping and to determine the copy number. 
Chromatographically purified lambda phage clone 
containing the full neuronatin genomic DNA clone was 
directly used as template to generate biotin-labeled probe 
and hybridize with human lymphocyte metaphase spreads. 
Several metaphase spreads were studied. Together with the 
results of G-banding, neuronatin gene was assigned, in 
single copy, to chromosome 20q 11.2-12 (Fig. 11).

4. Discussion

The isolation and sequencing of a novel human cDNA, 
neuronatin, that is selectively expressed in the developing 
human brain is described. Neuronatin mRNA is selectively 
expressed in the brain, but not in lung, liver and kidney, the 
other organs studied. Although neuronatin mRNA was 
abundant in 18-24 week old human fetal brain, its expression
was minimal in adulthood. When investigated further in the 
rat, neuronatin mRNA first appeared at E11-14, peaked at 
E16-19, and declined to baseline levels in adulthood. This 
close temporal association between the mRNA expression
pattern of neuronatin and neurogenesis may suggest a 
functional relationship.

Although the precise mechanism of function during 
neurogenesis is not known, the finding that neuronatin 
mRNA is selectively expressed in rhombomere 3 and 5 
during early mouse embryogenesis suggests a role in hind-
brain segment identity [54]. The expression of neuronatin 
actually appeared to precede visible morphological changes, 
again suggesting a mechanistic role. Clearly, more work 
needs to be carried out to determine the specific mechanism 
by which neuronatin is involved in this process, and to 
understand the separate functions of neuronatin, Krox-20
[55] and sek [39], the other genes noted to be selectively 
expressed in rhombomeres 3 and 5. One major difference, 
however, unlike Krox-20 and sek which
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are expressed only transiently during development, the 
expression of neuronatin becomes more generalized and 
abundant in the nervous system later in development. 
Based on these findings it may be suggested that 
neuronatin is involved in determining segment identity in 
the hindbrain and in the maturation and maintenance of the 
post-mitotic neuronal fate.

The deduced polypeptide consists of two distinct 
domains on hydropathic analysis. The N-terminal was 
hydrophobic and arranged as a transmembrane α-helix, 
whereas the C-terminal was hydrophilic and basic 
containing about 20% arginine residues. Neuronatin, both 
its amino acid sequence and secondary structure showed 
homology to two other genes, PMP1 [37, 38] and 
phospholamban [48], both polypeptides that function as 
subunits of cation-translocating ATPases. The PMP1 gene 
product is a subunit of H+-ATPase and is a 40 amino acid 
peptide with an α-helix transmembrane domain and highly 
basic cytoplasmic domain. PMP1 modulates the activity of 
a plasma membrane proton pump by its association with 
H+-ATPase, the holoenzyme [36]. Functionally, deletion of 
PMP1 gene resulted in decreased H+-ATPase activity. 
Another protein showing a structural organization similar 
to that of human neuronatin protein is phospholamban 
[2,47]. Phospholamban is a 52 amino acid peptide [46]
comparable in size to neuronatin. As with neuronatin and 
PMP1, phospholamban also has an α-helix transmembrane
domain and a highly basic cytoplasmic domain that 
modulates the activity of Ca2+ -ATPase.

Neuronatin, PMP1 and phospholamban are amphipathic 
polypeptides that are members of a class of proteins 
referred to as proteolipids (Table 2). Proteolipids are pro-

Members of the proteolipid class of proteins. These polypeptides 
are small and amphipathic on hydrophobicity analysis. Although 
amino acid sequences are not homologous, their characteristic 
secondary structure consists of two distinct domains, one end being 
hydrophobic and the other hydrophilic. These proteins function as 
regulatory subunits of ion-channels. However, phospholemman 
forms a pentamer and functions as a novel chloride and taurine
channel

teins that typically have two domains, one domain being 
hydrophobic and the other hydrophilic. Although the pri-
mary amino acid sequences of the proteolipids are differ-
ent, their structural organization is remarkably similar. The 
proteolipids are generally small polypeptides, fractionate 
into the chloroform/methanol phase and several members

Fig. 10. Sub-chromosomal localization of human neuronatin using deletion constructs of chromosome-20. The construct CF80-8 contains 20q12-
20q13 region of chromosome-20, CF21-2 contains 20q11.2-20q13, and GM10478 contains the entire chromosome-20 (left). PCR amplification 
of the human neuronatin-specific fragment was seen only with CF21-2 and GM10478 (right). The PCR products were electrophoresed on 1.5%
agarose gel and stained with ethidium bromide.
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function as regulatory subunits of membrane channels. 
Other members of this class of proteins include γ-subunit,
sarcolipin, PMP2, F-sub-c and vac-sub-c. The γ-subunit, a 
polypeptide of 58 amino acids, functions as a subunit of 
Na+/K+-ATPase [29]. Sarcolipin has 31 amino acids and 
functions as a subunit of Ca2+-ATPase in skeletal sarco-
plasmic reticulum [52]. PMP2 is highly homologous to 
PMP1, consists of 43 amino acids and functions as a 
subunit of yeast H+-ATPase [36]. F-sub-c is 75 amino

acids long and is subunit-c of F1F0-ATPase [17]. Vac-sub-c 
contains 155 amino acids and constitutes subunit-c of 
vacuolar H+-ATPase [28]. Unlike these other, phospho-
lemman, a 72 amino acid polypeptide [40], is organized as 
a pentamer and functions as a novel chloride channel [33]. 
More recently, the phospholemman channel has also been 
shown to be selective for taurine [32]. Furthermore, prote-
olipids may also he involved in human disease. For exam-
ple, F-sub-c is the major component of the storage or-

Fig. 11. Fluorescence in situ hybridization using human neuronatin genomic clone as the probe. The chromosome was counterstained by 
propidium iodide and the signal amplified by FITC-avidin and avidin-antibody.
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ganelles seen in neuronal ceroid lipofuscinosis [41], which 
is an autosomal-recessive lysosomal neurodegenerative 
condition of childhood manifesting as blindness, seizures, 
dementia and early death. The involvement of F-sub-c in 
the pathogenesis of this disease is supported by the finding 
that similar deposits occur in the mouse mutant, motor 
neuron degeneration (mnd/mnd), which is model for 
neuronal ceroid lipofuscinosis [16]. Neuronatin is a new 
member of the proteolipid family, and its unique expression 
only in the developing human brain, requires that this gene 
be investigated as a novel membrane channel regulator 
during brain development.

With the help of human-rodent hybrid cell panel 
screening and fluorescence in situ hybridization, we 
mapped the neuronatin gene to human chromosome 
20q11.2-12 providing a basis to investigate this gene as a 
candidate in neuro-developmental disorders that may also 
localize to the same or adjacent regions. The 20q 11.2-12 
region is rich in genes, including several involved in signal 
transduction and cell growth regulation. These include 
hemopoietic cell kinase (20q11-12) [43], Rous sarcoma 
protooncogene SRC (20q12-13) [35], phospholipase C 
(20q12-13.1), topoisomerase-I (20q12-13.1) [24], zinc 
finger protein 8 (20q13), CCAAT/enhancer binding protein 
(C/EBP) (20q13.1) [18], protein tyrosine phosphatase 
(20q13.1-13.2) [5], S-adenosyl homocysteine hydrolase 
(20cen-q13.1) [31] and potassium voltage gated channel 
(20q13.2). Although there are no neurological conditions
that are known to be mapped to 20q11.2-12, adjacent areas 
of chromosome-20 have been implicated in neurological 
disease. The gene for benign neonatal epilepsy maps to 
20q13.2-13.3 and the prion protein gene, invoked in 
neurodegeneration, is located at 20pter-p12. The develop-
mental genes, PAX1 is located at 20p11.2 and bone mor-
phogenetic protein-2 at 20p12.

Chromosome-20 abnormalities including ring formation 
and deletions have been noted in several disease conditions. 
Ring formation of chromosome-20 was observed in an 
infant suffering epileptic seizures, mental retardation and 
behavioral disturbances [4]. Deletions of the long arm of 
chromosome-20 have been observed in some patients with 
myeloid leukemia and myelodysplastic syndromes [10, 11],
and in patients with small cell lymphocytic lymphoma 
[9,53]. Interestingly, the region of chromosome-20 
containing neuronatin is also the region that is commonly 
deleted. Although patients with deletion of 20q11.2-12 
segment have not been reported to exhibit neurological 
abnormalities, the importance of neuronatin in brain de-
velopment needs to be investigated. The abnormalities of 
chromosome-20 described above occurred postnatally after 
completion of brain formation, a time when neuronatin 
mRNA expression is normally repressed. As neuronatin is 
primarily expressed in the developing brain, it is more 
likely that the consequences of neuronatin dysfunction will 
be manifested during embryogenesis rather than after 
completion of maturation.

Neuronatin gene is 3973 bases long and has three exons 
and two introns. The gene transcribes two alternatively 
spliced mRNA isoforms. The α-form contains all three 
exons and the β-form contains only exons 1 and 3. The 
middle exon has been spliced out in the β-form, which is 
the isoform studied in this report. The deduced proteins for 
human α- and β-form are highly conserved when compared 
to rat neuronatin cDNA (#U08290 (α-form) and #U09785 
(β-form)). The coding regions of both species were 
identical, except for the substitution of two residues near 
the C-terminal end of the proteins. This high degree of 
conservation in mammalian species may indicate that 
neuronatin gene is functionally important. The 5’-flanking 
region of neuronatin cap site has a region at -421 that is 
highly homologous to neural restrictive silencer element 
(NRSE). NRSE may govern the neuron-specificity of three 
other genes, SCG10 [34], sodium channel-11 [23] and 
synapsin-I [26]. SCG10 is a growth-associated protein of 
22 kDa that is expressed in neuronal derivatives of the 
neural crest. At E11.5 in the rat, it first becomes expressed 
in sympatho-adrenal progenitor cells. Thereafter, SCG10 
levels are strongly upregulated in sympathetic ganglia and 
suppressed in adrenal medulla. NRSE is located at about -
1500 in the 5’-flanking region of the SCG10 gene. Protein 
factors, present in non-neuronal cell types, are believed to 
bind NRSE and silence the transcription of this gene. 
NRSE elements have also been noted at about -1000 in 
sodium channel-II, and at about -200 in synapsin-I. 
Although functional analyses using constructs of the 5’-
flanking region of SCG10 and sodium channel-II have 
shown that deletion of NRSE results in loss of neuron 
specificity, the evidence in the case of synapsin-I is less 
certain. However, adjacent to the NRSE element in 
synapsin-I is the region CGCCCCCGC, a high affinity 
zif268/egr1 binding site [8, 50]. zif268/egr1 is a zinc finger 
transcription factor, also known as NGFIA, Krox24 and 
TIS8, and is an immediate-early gene. Based on the degree 
of homology to the consensus sequence, the NRSE of 
neuronatin may function to silence expression in non-
neuronal tissues. A functioning NRSE in neuronatin may 
account for the brain (and neuron)-specific expression of 
this gene. Identification of the protein factor that silences 
expression in non-neuronal tissues will help in 
understanding the regulation of neuronatin.

In conclusion neuronatin is a novel human gene, the 
mRNA for which is selectively expressed during brain 
development. The organization of human neuronatin gene 
and its mapping to human chromosome 20q11.2-12 is 
described. The mRNA encodes an amphipathic polypeptide 
that exhibits homology, both in its primary and secondary 
structure, to PMP1 and phospholamban, members of the 
proteolipid class of proteins which function as regulatory 
subunits of ion channels. This information should facilitate 
the study of neuronatin as a candidate gene for brain 
disorders that may also become mapped to this region.
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