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SUMMARY: We isolated the gene encoding the brain specific snRNP-
associated polypeptide "N" from a rat genomic library. Some intronless
genes have previously been reported for this polypeptide in the rat. In
contrast, our gene consists of at least nine exons (the last exon(s)
encoding the 3'-end of the mRNA has not been isolated). The second
intron of the gene is probably so long as to hamper the cloning of the
complete gene into a single phage vector. Therefore, we used
polymerase chain reaction amplification of the rat genome with
oligonucleotides designed on the basis of known cDNA sequences that
allowed us to isolate and clone the first two exons at the 5'-end of the
gene. Primer extension studies revealed multiple transcription start
sites, all of them contained within the first exon. The intron/exon
organization coincides with the alternative splicing events suggested
by the sequences of the various cDNA species isolated so far. As also
reported by others, genomic Southern analysis suggests the presence of
other genomic regions containing sequences strongly hybridizing to the
cDNA. We isolated and characterized two of these regions. They contain
sequences very similar to the ¢cDNA, not interrupted by introns and
flanked by a polyA tail at their 3'-ends; hence they are considered two
different pseudogenes. « 1993 academic press, tnc.

The molecular basis of tissue-specific gene expression has been
explored in several experimental systems. Numerous studies are
leading to the identification of the promoter regions and of the trans-
acting factors regulating transcription in a specific cell type (for a

review see reff. 1,2). As yet, little is known about the molecular
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mechanisms regulating gene expression in the mammalian nervous
system. A useful approach to this problem is the identification and
cloning of cDNA fragments hybridizing to mRNA esclusively present in
rat brain (3-5).

Recently, we and others have cloned, from different sources,
some cDNAs encoding a polypeptide, called polypeptide "N, which is
associated to a small nuclear ribonucleoparticle (snRNP) (3,6-9). snRNP
polypeptides, together with a number of snRNA (U1, U2, U3, U4/U6) and
of non-snRNP polypeptides, interact with the pre-mRBRNA and are
assembled in a large and structurally dynamic complex, the
spliceosome, in which all the ordered steps of the splicing reactions
take place (10,11). The expression of this gene, that we named "FE294",
is restricted to brain. In fact, the mRNA is very abundant in rat brain,
undetectable in rat liver, lung, kidney, testis (3) and it cross-
hybridizes with related mRBRNA species present in rat heart but
undetectable in rat brain (6). The isolation of mMRNA species encoding
an snRNP polypeptide only in the brain suggests its involvement in the
regulation of tissue-specific splicings events, which are important
mechanisms in the generation of protein diversity among different
tissues and therefore in producing differentiated phenotypes.

The identification of the genomic sequence encoding this mRNA

has been elusive. It clearly belongs to a multigene tamily that includes
several intronless genes, and previous attempts to isolate the

polypeptide "N" rat gene have led only to the identification of some
intronless genes (12). This suggested that the true template for this
rat mRNA species could lack introns, although the corresponding human
gene, recently isolated and sequenced, shows a typical intron/exon
organization (13).

Here we report the isolation and structural characterization of an
intron-containing rat FE294 gene, that contains a complex intron/exon
arrangement in the region encoding the 5'-untranslated region of the
mRNA.
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MATERIALS AND METHODS

Southern blot. Genomic DNA was prepared from rat blood cells (14);
15ug DNA were digested with EcoRI restriction endonuclease
(Boheringer), size-fractionated on a 1% agarose gel, transfered to
Nitran membranes (Schleicher and Schuell) and hybridized with the
entire cONA region 32P-labeled by the random priming reactions (14).
Hybridization was carried out at 65°C for 12hrs in Church buffer as
described (15).

Screening_of genomic DNA libraries. The two genomic DNA libraries (by
Clontech) were constructed in the EMBL 3A and Charon 4A phage
vectors, respectively. The entire cDNA region, or fragments of it, were
32P-labeled with the random priming method (14) and used as probes;
the nitrocellulose filters (Schleicher and Schuell) were prehybridized
and hybridized at 65°C as described by Sambrook et al. (14). Washing
was done at 65°C in 2X SSC, 0.1% SDS for 30 mins, 1X SSC, 0.1% SDS for
30 mins and in 0.1X SSC, 0.1% SDS for 30 mins (2 washings). Phage
DNAs from the positive plaques, were purified according to the Qiagen
protocol.

Nucleotide sequence analysis. Proper restriction fragments of the
genomic DNA were subcloned into the pGEM 3Z vector and the nucleotide
sequences of the exon and of the exon/intron junctions were
determined with the dideoxy chain termination procedure (16) using the
T7 DNA polymerase (Pharmacia).

PCR_amplification. 1 ug rat genomic DNA was amplified with 30 cycles
of PCR using the following protocol: denaturation at 94°C for 1 min,
annealing to the appropriate oligonucieotide primers at 55°C for 1 min
and elongation at 72°C for 3 min. The amplification products were then
filed with T4 DNA polymerase (Boheringer), cloned into the Smal site
of pGEM 3Z vector and sequenced (16).

Primer_extension analysis. The end-labeled oligonucleotide primer was
hybridized to the rat brain and liver total RNA (16ug) and the RNAs
reverse transcribed as described in ret.14. The extended products were
separated on a 7M Urea /6% polyacrylamide gel, and the autoradiography
was developed after a 3-day exposure at -80°C.

RESULTS AND DISCUSSION

The Southern blot analysis of the rat genomic DNA hybridized to
the complete FE294 cDNA is shown in Fig. 1. The hybridization pattern
of the EcoRI-digested DNA consists of numerous bands supporting the
hypothesis that the FE294 gene belongs to a multigene family, and the
presence of several strongly hybridizing bands confirms previous

observations indicating the existence of FE294 pseudogenes (12).
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Figure 1. Southern blot analysis of rat genomic DNA hybridized to the
FE294 cDNA probe. Rat genomic DNA preparation and hybridization
conditions are described under Materials and Methods. Size markers
(SM) are shown in the first lane and are from EcoRI-Hindlll digested
bacteriophage lambda DNA labeled with 32P-dATP by filling-in the
extremities. The second lane shows the hybridization pattern of the
EcoRI digested DNA (see the text). The autoradiography was developed
after a 7-day exposure at -80°C with intensifier screens.

We screened two genomic libraries in very stringent
hybridization conditions using as probes the entire FE294 cDNA (about
1400 bp-long) or fragments of its 5' regions, to enrich for genomic
clones containing the first exon(s) of the gene. Many positive clones
were isolated and four of them, hybridizing at very stringent
conditions, were characterized further. The sequence analysis of two of
them demonstrated that these clones contain FE294 pseudogenes. In
fact, both these genomic clones contain a nucleotide sequence almost
identical to that of the c¢DNA, which is not interrupted by introns.
Numerous point mutations are present either common to the two genes
or peculiar to one of them. The two sequences show a polyA tail at the
3'-end of the cDNA homology and show different flanking sequences in

which a direct repeat flanks the 5-end and the 3'-end of the cDNA
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homology. One of these two regions is identical to that of the
previously published intronless gene hybridizing to the polypeptide "N"
cDNA (12).

Two other genomic clones contain six exons of the gene
(corresponding to the cDNA region from nt 100 to 1000), split by five
introns (see Fig. 2). Unfortunately, both genomic clones, which cover a
very similar genomic region, lack the first 100 bp of the untranslated
region of the cDNA. In fact, as shown in Fig. 2, the first exon (Exo C)
present in these clones is preceded by about 2000 nucleotides that are
not homologous to the 5'-end of the cDNA. To isolate the 5' exons of the
gene, we designed an oligonucleotide complementary to an intronic
sequence, in which repeated sequences are absent, between exons C and
D that would avoid the hybridization to pseudogenes. With this probe
we screened two libraries, but failed to isolate phages containing
sequences hybridizing to the leader region of the FE294 cDNA. This
finding supports the hypothesis that a very long intron could have
hampered the cloning of the leader exons together with exon C into a
single phage vector.

To find the b5'-exon(s) missing from the genomic regions
contained in the two cloned phages, we exploited PCR procedures based
on the existence of two different leader sequences present in the
known FE294 cDNAs. In fact, a cDNA species, named SM51, has been
isolated from rat cells. This species has the same sequence and tissue
distribution as FE294 mRNA, the only difference being its 5'-leader
sequence upstream exon C (6). This observation supports the
hypothesis that the leader sequences of clones SM51 and FE294 belong
to different exons alternatively present in the mRNAs. We therefore
synthesized various oligonucleotides complementary to these two

different leader sequences and used them as primers to amplify rat
genomic DNA with a standard PCR procedure (see Fig. 2, panel B -

oligoPCR1 and oligoPCR2). We thus identified and cloned a 500-bp
region containing the first two exons of the gene separated by a 200-bp

intron ( see Fig. 2, Panel A), named exon A and exon B, coding for the
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Figure 2. Structure and nucleotide sequence of the FE294 gene. Panel A:
Exon-intron organization of the FE294 gene. Filled boxes labelled with
letters from A to H indicate exons. Hatched line indicates the part of
the second intron that was not cloned. PCR, polymerase chain reaction.
V.L.l., very long intron. Panel B: Nucleotide sequence of the FE294 gene.
Exonic sequences are underlined. Oligo PCR1 and oligo PCR2, the first
identical and the second complementary to the thick underlined
sequences, were used in the PCR amplification analyses as described
under Materials and Methods. Oligo pr.ex., complementary to the thick
underined sequences, was used in the primer extension studies.

FE294 and SM51 leader sequences, respectively. We have no evidence
that the SM51 exon is alternatively spliced from the pre-mRNA or that

it contains a minor transcription start site, very poorly represented. In
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fact, the primer extension analysis, performed on rat brain mRNA using
an oligonucleotide complementary to the SM51-specific sequence (see
below), was not contributory. However, the sequence of the first intron
contains, just upstream from the region identical to the SM51 leader
sequence, a consensus element for 3' splicing (PysNCAG-see Fig. 2,
panel B) and this favours the hypothesis of an alternative splicing of
exon B.

The unusual length of the second intron of the FE294 gene is
probably why the 5' exons of the gene did not appear in our genomic
clones. This is also in agreement with the resuits obtained by
Schmauss and Lerner (12) who failed to clone the FE294 intron
containing gene by PCR amplification of the rat genome. In fact, the
intron/exon structure deduced from the sequence analysis of our clones
indicates that two of their 5' oligonucleotide primers fall on two exon-
intron junctions and therefore are not expected to prime synthesis. The
third 5' oligonucleotide primer is probably very distant from the 3
oligonucleotide primer and therefore the amplification of intronless
pseudogenes is favoured in such experiments.

To establish that exon A is the first exon of the gene we used a
synthetic oligonucleotide, complementary to the upper strand of the
exon C (see Fig. 2, panel B - oligo pr.ex.) as primer for the reverse
transcription of total rat brain and liver RNAs. As shown in Fig. 3,
multiple transcription start points are revealed by this analysis. From
the length of these extension products we were able to locate all the
transcription start sites within the first exon of the gene. The fact
that we did not find extension products of higher molecular weight is
evidence that the mRNAs including the exon B are minor species . This
was confirmed by the primer extension analysis with an
oligonucleotide complementary to the exon B (data not shown).

The intron-exon structure of the FE294 gene confirms the
alternative presence of exons in various mRNA species (3, 6, 7). In
fact, another cDNA species, SM21, sequenced by Li and co-workers (6),

lacks 153 nucleotides that correspond to exon F (see Fig. 2, panel B).
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Figure 3. Primer extension analysis of FE294 mRNA. Total rat brain and
liver RNAs were reverse-transcribed as described under Materials and
Methods using as primer the oligo pr.ex reported in Fig. 2. The size
markers are from the pUC19 sequence (ddT reaction).

The alternative splicing of this exon also warrants particular
comments. The last three nucleotides of exon E are, in fact, the AUG
methionine initiation codon that, as in many other eukaryotic genes, is
contained in a separate exon. The link between exon E and exon G,
observed in SM21 alternative splicing, results in a change of the
reading frame. In this reading frame a stop codon is present 27
nucleotides downstream from AUG and therefore the mRNA would code
for a 10 amino acid peptide. On the other hand, stop codons are present
upstream from AUG in all the three reading frames and therefore there
is no possible alternative translation start site.

A comparison between the published human gene (13) and the rat
gene described here shows an evolutionary conserved intron/exon
organization. The most striking difference between the two genes is
that the first exon in the human gene corresponds to the fourth exon of
the rat gene (exon D - see Fig. 2). However, it cannot be excluded that
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also the human gene possesses further exonic sequences at the 5'-end
ot the gene that have not been identitied. To ascertain if a further
transcription start site was present in the rat gene at the level of exon
D, we performed a primer extension analysis using rat brain RNA as
template and an oligonucleotide compiementary to the FE294 mRNA in
the region encoded by exon D, as primer. This oligonucleotide primed
the retrotranscription of a single-stranded DNA that terminates at the
5' end of the rat exon A, thus excluding the possibility of a significant

transcription of the gene starting from the exon D.
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