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IVA. Summary of Results

Neuronatin is a novel mRNA that is selectively expressed in the mammalian brain during
development. There are two alternatively spliced forms, the α-form encodes a polypeptide of 81
amino acids, and the β-form encodes 54 amino acids. The only difference between the two is that
the α-form contains an additional 81 bp sequence (middle exon) encoding 27 amino acids
inserted into its coding region; the β-form does not contain this sequence. During rat
development, and when studied by RT-PCR, the mRNA for the α-form is expressed at E7-10.
The β-form, however, appears only at E11-14, a time when the neural tube has closed and
neuroepithelial proliferation has been initiated. Thereafter, the levels of both forms increase such
that maximum expression is seen at E16-19. Postnatally, the level of neuronatin mRNA declines
to traces in the adult brain. The deduced neuronatin protein is amphipathic, with a highly
hydrophobic N-terminal arranged in an α-helix, and a hydrophilic C-terminal that is basic. The
amino acid sequence and its secondary structure exhibits homology to members of a group of
proteins called proteolipids whose members function as regulatory subunits or independent ion
channels. Therefore, neuronatin appears to be a new member of the proteolipid family of
proteins that may function as a unique regulator of ion channels during brain development.

IVB. Brain (and Neuron) Specific Expression

Whilst the expression of neuronatin mRNA is abundant in the brain, little or no
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expression was seen in several other tissues, including, heart, lung, liver, kidney, muscle, skin
and spleen. Furthermore, on the basis of screening neuronal and glial cell lines, neuronatin was
noted to be expressed in PC12 and NCB2O, neuronal cell lines, but not in the glial lines. This
would indicate that neuronatin is also neuron-specific. Other developmental genes such as
thymosin-β10 (Erickson-Viitanen et al 1983; Lugo et al 1991; Lin & Morrison-Bogorad 1991;
Joseph & Tsang 1994), p23 transplantation antigen (Sibille et al 1990; Price et al 1992; Joseph et
al 1995b), and matrix proteins, including NCAM (Hirsch et al 1990) and β-amyloid precursor
protein (Lahiri & Robakis 1991) are also expressed abundantly during development. These
genes, however, are not brain-specific. On the other hand, the expression of neuronatin is brainspecific suggesting a more selective role in the development of the brain.

IVC. Neuronatin and Mammalian Brain Development

Neuronatin mRNA is expressed in a developmentally regulated manner. On Northern
blotting, neuronatin mRNA first appeared at E11-14, and declined to the trace levels seen in the
adult brain by the second postnatal week. Based on the extent of homology observed between α
and β, it was not possible to distinguish the isoforms on Northern blotting. When RT-PCR was
carried out with primers flanking the coding region of the α- and β-forms, it was determined that
the α-form was present even earlier at E7-10, but the β-form appeared only at E11-14. Apart
from the αand βisoforms, there were no other mRNA isoforms that were identified during
development. On this basis it may be inferred that the splicing mechanism that removes the 81
bp middle exon from neuronatin-α, resulting in the generation of the β-form,
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becomes activated at E11-14. Whether the splicing mechanism is important in determining the
function of neuronatin needs to be studied.

In the rat, E11-14 is the time when the neural tube has closed and neuroepithelial
proliferation has been initiated. Closure of the tube begins about its middle, and advances in both
directions to completion by about El2 in the rat. This is the time when the expression of the βform is first noted. The closure of the neural tube triggers the neuroepithelial stem cells of the
ventricular zone to proliferate. Waves of neuronal stem cells are generated, which following
clonal expansion, stop dividing and become committed neuroblasts. Subsequently, the
neuroblasts migrate along supporting radial glial fibers into the surrounding tissue and become
layered in an inside-out manner. The surge of neuroepithelial proliferation results in a rapid
increase in brain mass that continues, in the rat, into the second postnatal week. The mRNA
expression pattern seen with neuronatin may suggest a role for this gene in neuroblast
generation.

However, there are some aspects of the expression profile of neuronatin that could
indicate other roles. The α-form was detected to be present even at E7-10 by RT-PCR, which is a
more sensitive technique than Northern blotting. This finding raises the prospect that neuronatin
may be involved even earlier in embryogenesis, possibly even during neural induction.
However, as the splicing mechanism for neuronatin becomes active only at E11-14, this does not
appear likely. Moreover, the expression of neuronatin mRNA persisted into the early postnatal
period and traces were seen even in adulthood, making it unusual for this gene
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to be involved in neural induction. Another concern is based on the observation that peak levels
of neuronatin mRNA are seen later in development, at E16-19, when neuroepithelial
proliferation, neuronal migration, patterning and synaptogenesis are also taking place. It appears
unlikely that neuronatin participates in these post-migratory events as its mRNA levels decline
to traces by the second postnatal week. The expression of genes involved in patterning and
synaptogenesis tend to persist for a longer period of time.

IVD. Role in Hindbrain Development: In Situ Expression
In order to further understand the significance of neuronatin mRNA expression during
embryogenesis, it was necessary to determine its in situ expression. Peter Gruss and his
colleagues at the Max Planck Institute, Gottingen, Germany, have recently reported the in situ
expression of neuronatin mRNA in the mouse (Wijnholds et al 1995). During embryogenesis,
the expression of neuronatin mRNA is first seen in rhombomeres-3 and 5 of the early hindbrain
and in the floor of the foregut pocket. It is also observed in the early Rathke’
s pouch and in the
developing adenohypophysis, retina and inner ear. As embryogenesis advances, the expression of
neuronatin mRNA becomes more generalized and is seen throughout the central and peripheral
nervous system.

The finding that neuronatin mRNA is selectively expressed in rhombomere-3 and 5
during early mouse embryogenesis suggests a functional role for this gene in the determination
of hindbrain segment identity. The expression of neuronatin actually appeared to precede visible
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morphological changes, again suggesting a mechanistic role. Clearly, the mechanism by which
neuronatin is involved in hindbrain segmentation needs investigation. Furthermore, the relative
importance of neuronatin, in comparison to Krox-20 and sek, the other genes expressed in the
same rhombomeres is not known. One major difference, however, unlike Krox-20 which is
expressed only transiently during development, the expression of neuronatin becomes more
generalized and abundant in the nervous system later in development. Therefore, 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.

lVE. Neuronatin is Highly Conserved in Mammalian Species
Important biological functions through strong evolutionary pressure are well conserved.
Examples of highly conserved genes include those involved in regulating metabolic pathways,
DNA replication, and those governing development (Tremblay & Gruss 1994). In order to study
conservation, neuronatin sequences in different species were compared. The α(U25033) and β
(U25034) forms of human neuronatin cDNA (Dou & Joseph 1994), and the mouse homolog of
neuronatin have also been sequenced (GenBank #X83570). The deduced proteins of human, rat
and mouse are strikingly homologous (FIGURE-IV-1).

The protein sequences of exon-1 and exon-2 were identical in all three species. In the
case of exon-3 which has 30 amino acids, there were two amino acid changes; first, human Thy11
was replaced by His11 in both rat and mouse. Secondly, rat His26 was replaced with Gln26 in
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CONSERVATION OF NEURONATIN PROTEIN IN MAMMALS

FIGURE-IV-1: Comparison of the deduced neuronatin protein sequences of rat (GenBank
#U08290), human (#U25033) and mouse (#X83570). The amino acids encoded by exon-l and
exon-2 are identical in all three species; in exon-3, two residues are different between the
species.
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human and mouse. In spite of these two changes, the reading frame remained the same in all
three species. The translation start site and context, stop signal, and termination signals were
identical in human, rat and mouse.

Therefore, neuronatin is a highly conserved mammalian gene. In addition, Southern
hybridization of genomic DNA from human, monkey, rat, mouse, dog, cow and rabbit revealed
that neuronatin is highly conserved in vertebrates (Dou & Joseph 1995ab). This degree of
conservation suggests that neuronatin has a biologically important function. Once the
invertebrate homologues of neuronatin are also identified, it will be possible to determine
whether this gene is conserved even earlier in evolution.

IVF. Neuronatin Protein and its Homology to Proteolipids
Neuronatin, PMP1 and phospholamban are amphipathic polypetides that are members of
a class of proteins referred to as proteolipids (TABLE-IV-1) (Dou & Joseph l996c). These are
proteins that typically have two domains, one that is a hydrophobic transmembrane α-helix, and
the other domain is charged and hydrophilic. Although, the primary amino acid sequences of the
proteolipids are different, their structural organization is similar. These proteins are generally
small polypeptides, fractionate into the chloroform/methanol phase, and several members
function as regulatory subunits of membrane channels. Members of this class of proteins include
γ
-subunit, sarcolipin, PMP2, F-sub-c and vac-sub-c.
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THE PROTEOLIPID FAMILY OF PROTEINS

Amino Acids

Mol Wt (kDa)

Function

References

Sarcolipin

31

3.8

Ca2+-ATPase
Skeletal Muscle

Wawrzynow et al
1992

PMP1

40

4.7

H+-ATPase Yeast

PMP2

43

4.8

Phospho-lamban

52

6.1

Ca2+-ATPase
Cardiac Muscle

γ
-Subunit

58

6.5

Na+/K+-ATPase

Phospho-lemman 72

8.4

Choride &
Taurine
Channels

F-sub-c

75

7.6

Vac-sub-c

155

15.8

Neuronatin-α

81

9.1

Neuronatin-β

54

6.2

Navarre et al
1992ab
Navarre et al
H+-ATPase Yeast
1994

F1F0-ATPase
Mitochondria
Th-ATPase
Vacuolar

Tada 1991
Mercer et al
1993
Palmer et al
1991
Moorman et al
1992, 1995
Fearnley et al
1990
Mandel et al
1988

TABLE-IV-1: Members of the proteolipid family of proteins. These polypeptides are small and
amphipathic, i.e., contain hydrophobic and hydrophilic domains. Although, their amino acid
sequences are not homologous, the 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.
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The γ
-subunit, a polypeptide of 58 amino acids, is a subunit of Na+/K+-ATPase (Mercer et
al 1993). Sarcolipin has 31 amino acids and functions as a subunit of Cd2+-ATPase in skeletal
sarcoplasmic reticulum (Wawrzynow et al 1992). PMP2 is highly homologous to PMP1, consists
of 43 amino acids, and is a subunit of yeast H+-ATPase (Navarre et al 1994). F-sub-c is 75 amino
acids long and is subunit-c of F1F0-ATPase (Fearnley et al 1990). Vac-sub-c contains 155 amino
acids and constitutes subunit-c of vacuolar H+-ATPase (Mandel et al 1988). Unlike these,
phospholemman, a 72 amino acid polypeptide (Palmer et al 1991), is organized as a pentamer
and functions as a novel chloride and taurine channel (Moorman et al 1992, 1995).

Furthermore, proteolipids may also be involved in human disease. For example, F-sub-c
is the major component of the storage organelles seen in neuronal ceroid lipofuscinosis (Palmer
et al 1992), which is an autosomal-recessive lysosomal neuro-degenerative condition of
childhood manifesting with blindness, seizures, dementia and early death. The involvement of Fsub-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 a model for neuronal ceroid
lipofuscinosis (Faust et al 1994). Neuronatin is a new member of the proteolipid family and its
unique expression in the developing mammalian brain raises the possibility that this gene is a
novel membrane channel regulator during brain development. Alternatively, neuronatin may
function as a receptor, be secreted, or function as a ligand.
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IVG. Role in Neuronal Growth and Differentiation
Although, neuronatin-αmRNA is expressed in the developing rat brain in a precise
temporal association with hindbrain segmentation and neurogenesis, its cellular function is not
known. The finding that neuronatin mRNA is expressed in PC12 cells provides a useful
substrate to investigate the role of this novel gene in neuronal growth and differentiation. PC12
cells have been extensively studied as model neurons ever since their establishment in 1976
(Greene & Tischler 1976). A striking feature of this cell line is that on exposure to NGF, it stops
proliferating and extrudes neurites in the process of transforming into a neuronal phenotype.
When NGF is removed, the cells revert to their original rounded and undifferentiated phenotype.
Treatment of PC12 cells with NGF was associated with a downregulation of neuronatin mRNA
expression. The mRNA levels remained suppressed as long as the cells were exposed to NGF.
However, when NGF was removed, neuronatin mRNA levels returned to baseline along with a
reversal of the phenotype to an undifferentiated state. NGF decreased neuronatin mRNA even in
the presence of protein and RNA syntheses inhibitors.

The decrease in neuronatin mRNA levels in PC12 cells appears to be NGF-specific, as
other growth factors did not show a similar response. These findings may suggest a relationship
between the effects of NGF and neuronatin mRNA expression. Whether NGF mechanistically
involves neuronatin in this process is not proven. When NGF was removed from the incubating
medium and PC12 cells allowed to return to their undifferentiated state, neuronatin mRNA
expression also increased. Together, these findings may suggest that high levels of neuronatin
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mRNA expression are associated with an undifferentiated state, and low levels with a
differentiated state. This logic is supportive of the in vivo observation that neuronatin mRNA is
abundant in the developing brain, and that its levels decline with maturation and differentiation
such that only traces are present in the adult brain. The significance of neuronatin in PC12
growth and differentiation would be clearer when it becomes possible to study protein
expression. Unfortunately, an antibody is not yet available for such studies.

Of the two alternatively spliced forms of neuronatin mRNA, only the larger α-form was
expressed in PC12 cells. Using the same primers and RT-PCR conditions, both forms were
observed to be present in the developing rat brain. The β-form appearing at about E11-14 in the
rat coinciding with the closure of the neural tube and the initiation of neuroepithelial
proliferation and neuroblast commitment. The α-form was present even earlier in gestation at E710, a time when neurulation is taking place. The level of expression of both forms peaked late in
gestation (El6-19), and declined by the second postnatal week to trace levels in the adult brain.
Assuming a role for neuronatin in PC12 growth and differentiation, the finding that only the αform is present in this cell line may implicate this form as being functionally important.

IVH. The Human Neuronatin Gene
The human neuronatin gene and its mRNA isoforms (a (U25033) and β(U25034)) have
also been fully sequenced (Dou & Joseph 1994, 1995ab, 1996abc). The human gene spans 3973
bases and contains three exons and two introns (FIGURE-IV-2).
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THE HUMAN NEURONATIN GENE

FIGURE-IV-2: The organization of the human neuronatin gene. The gene is 3973 nucleotides
long, and contains three exons and two introns.
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The full sequence is deposited in GenBank (U31767) (FIGURE-IV-3). The promoter
contains modified TATA (-27) and CAAT (-59) sites, located upstream from the transcription
start site. A 21 base sequence highly homologous to the neural restrictive silence element
(NRSE) which governs neuron-specific gene expression is observed at -421 bp.

Analysis of the genomic structure and the mRNA sequences indicates that 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. Several
putative transcription factor binding sites were found in the 5’
-flanking region. These include
consensus sequences for SP-1, AP-2 (two sites), δsubunit, SRE-2, NF-A1, ETS and NRSE.

The first intron of 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 αsubunit (Akiyama et al
1994) and human proto-oncogene c-myb (Jacobs et al 1994). Moreover, there are several unusual
AT islands located in the first intron. Although, the significance of these sites needs to be
determined, there is increasing evidence indicating a regulatory role for the first intron in gene
expression (Makino et al 1994).

Mapping of the transcription initiation site in the human neuronatin gene was carried out
by primer extension analysis using human fetal brain mRNA and a labeled oligonucleotide
complementary to the region immediately before the start of the open reading frame of human
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FIGURE-IV-3: The complete human neuronatin 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, 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 are underlined. 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, poly(A) site and GT cluster are also underlined. The
GenBank accession number for human neuronatin gene is U31767.
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neuronatin-βcDNA. Only one reverse-transcribed cDNA product was seen on primer extension
(Dou & Joseph 1996b). 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 mRNA transcription start site
(Maniatis et al 1987).

The 5’
- and 3’
- splice sites matched their consensus sequences (Green 1991; Balvay et al
1993). The first exon had 195 bases and the second exon 81 bases, which are typical exon sizes
in vertebrates (Berget 1995). The third exon containing 1016 bases was somewhat larger than the
average size of the last exon in vertebrates (Hawkins 1988; Brunak et al 1991). The putative
branch point sequences TGCTAAA for intron- 1 and TGCTATC for intron-2 were found
between 25-35 bases upstream from the AG-3’cleavage sites of the introns. All introns of this
gene conformed to the GT/AG rule (Breathnach & Chambon 1981; Green 1991). No other exon
or intron like structures was noted in the human neuronatin genomic DNA sequence.

The first exon contains the prototypical translation initiation site in good context,
GGAACCATG (Kozak 1991), and encodes 24 amino acid residues. Exons-2 encodes 27 amino
acid residues, and exon-3 encodes 30 amino acids. 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 α-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 strongly indicate that the
αand βisoforms of human neuronatin mRNA are generated by differential

184

splicing of the middle exon (exon-2). Interestingly, the N-terminal hydrophobic domain
(transmembrane α-helix) is entirely encoded by exon-1, and the C-terminal hydrophilic domain
is encoded by exon-3. The significance of the middle exon, which is neither hydrophilic nor
hydrophobic, in the functioning of this gene is even less clear.

The codon usage in human neuronatin gene was analyzed based on information derived
from more than ten thousand genes present in GenBank (Wada et al 1990). A comparison of
codon usage in the neuronatin gene was made to what is known about usage in our species. The
third nucleotide of all codons of neuronatin, except threonine, was noted be either a G or C. The
G + C% at the third nucleotide of a codon is believed to be important in determining codon usage
for individual genes in higher vertebrates (Ikemura 1985; Aota & Ikemura 1986). The most
frequently used codons in human beings were found to be those with a higher G + C% at their
third nucleotide position. The high G + C% seen at the third nucleotide of the human neuronatin
codons indicates that this gene conformed well to that expected for Homo sapiens. The
neuronatin gene did not contain any codons for histidine or aspartic acid.

IVI. Neural Restrictive Silencer Element
The operator region of human neuronatin gene was observed to contain a neural
restrictive silencer element (NRSE) (FIGURE-IV-4) (Dou & Joseph 1995b, 1996abc). In the 5’
flanking region of the human neuronatin gene, at position -421 bases, is a region that is highly
homologous to NRSE.
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NEURAL RESTRICTIVE SILENCER ELEMENT

FIGURE-IV-4: Homology of the neural restrictive silencer elements of neuronatin, to that in
SCG-10, sodium channel-II (NaII) and synapsin-I. The approximate location of NRSE for these
genes is indicated from their transcription cap site.
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The neural restrictive silencer element has the consensus motif,
[TT(C/T)AG(C/A/T)ACC(A/G)CGGA(C/G)AG(T/C/A)(G/A)CC]

NRSE

may

govern

the

neuron-specific expression of other genes including, SCG-10 (Mori et al 1990), sodium channelII (Na-Il) (Kraner et al 1992), synapsin-I (Valtorta et al 1992; Li et al 1993) and Na/K-ATPase α
3-subunit (Pathak et al 1994). SCG-10 is a growth-associated protein of 22 kd that is expressed
in neuronal derivatives of the neural crest. At E11.5 in the rat, SCG-10 first becomes expressed
in sympatho-adrenal progenitor cells. Thereafter, SCG-10 levels are strongly up-regulated in
sympathetic ganglia and suppressed in adrenal medulla. NRSE is located at about

-1500 in the 5’
-flanking region of the SCG-10 gene.

Protein factors present in non-neuronal cell types are believed to bind NRSE and silence
the transcription of SCG-10 gene. NRSE elements have also been noted at about -1000 in Na-II,
and at about -200 in synapsin-I. Although functional analyses using constructs of the 5’-flanking
region of SCG-10 and Na-II indicate 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/egrl binding site (Christy &
Nathans 1989). A zinc finger transcription factor, zif268/egrl, also known as NGFIA, Krox-24
and TIS-8, is also an immediate early response gene. The expression of zif268/egrl is highly
responsive to neuronal stimulation. Furthermore, synapsin-I gene has been shown to be a target
of zif268/egrl (Thiel et al 1994).
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IVJ. Human Neuronatin Gene is Assigned to Chromosome-20q11.2-12
The human neuronatin gene has been mapped to chromosome 20q11.2-12 by screening a
human-rodent hybrid cell panel and fluorescence in situ hybridization (Dou & Joseph 1995b,
1996abc) (FIGURE-IV-5). This provides a basis to investigate whether neuronatin is a
candidate gene in human neuro-developmental diseases. The 20q11.2-12 region is rich in genes,
including several involved in signal transduction and cell growth regulation. These include
hemopoietic cell kinase (20q11-12) (Quintrell et al 1987), Rous sarcoma proto-oncogene SRC
(20q12-13) (Morris et al 1989), phospholipase C (20q12-13.l), topoisomerase-I (20q12-13.l)
(Kunze et al 1989), zinc finger protein 8 (20q13), CCAAT/enhancer binding protein (C/EBP)
(20q13. 1) (Hendrinks-Taylor et al 1992), protein tyrosine phosphatase (20q13. 1-13.2) (BrownSchimer et al 1990), S-adenosyl homocysteine hydrolase (2ocen-q13.1) (Mohandas et al 1984)
and potassium voltage gated channel (20q13.2).

Although, there are no neurological conditions that are yet known to be mapped to the
20q11.2-12 region, 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
involved in neuro-degeneration are located on 20pter-p12. Developmental genes, PAX1 is
located at 20p11.2 and bone morphogenetic protein- 2 at 20pl2. 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 (Brandt et al 1993). Deletions of the long arm of
chromosome-20 have
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CHROMOSOMAL LOCALIZATION OF HUMAN NEURONATIN GENE

FIGURE-IV-5: Fluorescence in situ hybridization using human neuronatin genomic clone as the
probe. The chromosome was counterstained with propidium iodide and the signal amplified by
FITC-avidin and avidin-antibody. Neuronatin is located in single copy on human chromosome
20q11.2-12.
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been observed in some patients with myeloid leukemia and myelodysplastic syndromes (Davis et
al 1984, Diez-Martin et al 1991), and in patients with small cell lymphocytic lymphoma (Cotter
et al 1993, White et al 1994).

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 containing the
neuronatin gene have not been reported to exhibit neurological abnormalities, the importance of
neuronatin in brain development needs investigation. The abnormalities of chromosome-20
discussed above occurred postnatally after the 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 development. Besides its possible role in neurological disorders, the
neuronatin gene is adjacent to a putative site (20q13) for maturity onset diabetes of the young,
raising the possibility of its involvement in this condition.

IVK. Future Directions
The main areas of focus in the future will be to determine the biological importance of
neuronatin, study its cellular function, and investigate the regulation of this gene. For purposes
of determining its biological function, a knockout mouse strain needs to be generated. This will
help determine whether neuronatin gene is important in brain development. The results of such
an experiment will also provide clues that will be useful in identifying candidate disease
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conditions in which abnormalities of the neuronatin gene may be causally important.

In order to study cellular function, the neuronatin protein needs to be expressed in vitro
and used to raise antibodies which will be used to study tissue expression both by western
blotting and immunohistochemistry. The antibody will also be used to isolate the native protein
to enable the study of its crystal structure needed to understand the biologically active areas of
the protein. The protein will also be studied in bilipid membranes preparations to determine
whether neuronatin, like phospholemman, can form an independent ion channel. Cellular
function will also be studied by generating multiple cell clones that express the neuronatin
mRNA and protein, and the growth rates of these clones will be compared to appropriate control
lines.

To investigate gene regulation, serial deletion constructs of the 5’
-flanking region of the
neuronatin gene will be ligated to reporter constructs to help identify the functionally important
regions. The presence of a functional promoter and operator regions needs to be established. An
extension of these experiments will involve studies to determine whether the NRSE region of
neuronatin is functionally important or whether there is a novel element that regulates neuronspecific expression. Thereafter, putative proteins that may regulate its function, including
neuron-specific expression, will be studied using gel-shift assays and DNase-I footprinting.

Although, a novel mammalian gene has been identified, this only completes the first part
of the hypothesis. Further studies will determine whether neuronatin is mechanistically involved
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in neuronal growth and survival.

IVL. Conclusions
A novel mRNA, neuronatin, has been isolated from neonatal rat brain. There are two
alternatively spliced forms, αand β, that differ only in their deduced coding regions. The αform encodes a protein of 81 amino acids using three exons. The β-form encodes 54 amino
acids and is identical to the α-form, except that it lacks the middle exon. The human neuronatin
mRNA isoforms, and the human gene have also been fully sequenced, and assigned to
chromosome-20q11.2-12.

Venter and colleagues have recently isolated the tentative human consensus (THC)
sequences of neuronatin (THC #59797, THC #59798), and these have been included in the
Genome Directory (Adams et al 1995). As expected, based on the studies described in this
thesis, the THC sequences also exhibit a brain and development specific expression pattern.
Neuronatin mRNA is selectively expressed during mammalian brain development, and, based
on screening cell lines, it also exhibits neuron-specificity. The operator region of the gene
contains a neural restrictive silencer element which may govern neuron-specificity. In situ
hybridization studies carried out by other investigators reveal that neuronatin is involved in
hindbrain segmentation.

The deduced protein has two distinct domains, a N-terminal hydrophilic α-helix and a
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C-terminal hydrophobic domain, and is a member of the proteolipid family of proteins which
function as regulatory subunits of ion channels. Neuronatin is a novel member of this group and
is the only one that exhibits neuron-specificity and developmental regulation. In future studies,
the protein will be expressed and used to raise antibodies. The antibody will be used to study the
expression of neuronatin protein, and will help in isolating the native protein. Finally, the
biological importance of neuronatin will be studied by generating a knockout mouse strain.
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