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The rat arginine vasopressin-neurophysin precursor gene has
been isolated from a genomic library cloned in X phage
Charon 4A. Restriction mapping and nucleotide sequence
analysis demonstrated that the gene is 1.85 kilobase pairs long
and contains two intervening sequences located in the protein
coding region. Exon A encodes a putative signal peptide, the
hormone arginine vasopressin and the variable N terminus of
the carrier protein neurophysin, exon B encodes the highly
conserved middle part of neurophysin and exon C its
variable C terminus together with glycoprotein. Thus, the
three functional domains of the precursor - argiline
vasopressin, neurophysin, glycoprotein - are encoded on
three distinct exons.
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Introduction
Arginine vasopressin (AVP) and oxytocin (OT), two

nonapeptide hormones, are produced together with their cor-
responding 'carrier' proteins, the neurophysins, as common
precursors by different magnocellular neurones in both the
supraoptic and paraventricular nuclei of the hypothalamus
(Pickering and Swann, 1983; Brownstein et al., 1980;
Breslow, 1979; Acher, 1979; North et al., 1978). The precur-
sors are packaged into neurosecretory granules and trans-
ported axonally in the pituitary stalk to the posterior
pituitary. En route they are processed into the hormones and
the neurophysins (Brownstein et al., 1980). There are two
types of neurophysins, associated with either OT or AVP.
They consist of 93-95 amino acid residues of which a central
sequence of 74 amino acid residues is highly conserved
(Chauvet et al., 1981).
The primary structures of the bovine AVP and OT pre-

prohormones have recently been elucidated by sequencing the
cDNAs encoding the respective hypothalamic mRNAs (Land
et al., 1982, 1983). In both precursors, the hormone im-
mediately follows the signal peptide and is adjacent to its
respective neurophysin (Np); prepro-AVP-Np additionally
includes a glycoprotein at the C terminus. The structure of
the rat AVP-Np gene could help in understanding not only
the synthesis of AVP but also the molecular mechanism
underlying the defect in the expression of AVP in the Brat-
tleboro strain of rats (Valtin et al., 1974). We have now
analysed the structure of a genomic DNA fragment encoding
the AVP-Np gene from normal rats. Its DNA sequence
reflects the organization of the bovine protein precursor
(Land et al., 1982) with three functional domains - AVP,
Np, glycoprotein - each on a separate exon indicating an
organization different from that found in the pro-opiocortin
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or pro-enkephalin genes (Herbert, 1981; Kakidani et al.,
1982; Numa and Nakanishi, 1981; Noda et al., 1982; Gubler
et al., 1982; Legon et al., 1982).

Results
A rat genomic DNA library in the lambda vector Charon

4A was screened for bacteriophages carrying AVP-Np gene
sequences by hybridization with the 32P-labeled bovine
pVNpII-1 cDNA (Land et al., 1982). The AVP-Np gene was
identified in the clone X Charon 4A-VN3 by hybridization to
three AvaI-PstI restriction fragments of the cDNA encoding
the N-terminal, central and C-terminal part of the bovine
AVP-Np precursor (Land et al., 1982). Subsequent restriction
mapping and blot hybridization (Southern, 1975) of DNA
from this clone delimited the AVP-Np gene to a single 3.8-kb
HindIII restriction fragment. This was subcloned in the
plasmid pUC 8 (clone pVX HindIII) and used for more detail-
ed restriction mapping and sequence determination (Maxam
and Gilbert, 1980), following the strategy outlined in Figure
1.
Comparison of the rat genomic DNA sequence with the

bovine cDNA (Land et al., 1982) encoding the AVP-NpII
precursor has enabled us to locate three exons and two in-
tervening sequences (introns) in the rat gene (Figure 2). Exon
A encodes a putative signal peptide, the hormone and the
variable N terminus of Np, exon B the highly conserved mid-
dle part of Np including nearly all cysteine residues essential
to secondary structure (Cohen et al., 1979; Breslow, 1979)
and exon C the variable C terminus together with the
glycoprotein. Thus, the rat DNA sequence predicts a protein
precursor similar in structure to the bovine one (Land et al.,
1982). The two introns are inserted in the protein coding se-
quence specifying the rat neurophysin (Chauvet et al., 1981).
Intron I (- 1 kb) exactly separates the variable N terminus
and the constant part of the neurophysin at position 21 of the
precursor. The second intron of 227 bp occurs between the
first and second nucleotides of the GAG which encodes Glu

LEFT ARM INSERT - RIGHTARI - I ACharon 4A-VN3
1 13.8 kb I

82 kb

38 kb

- AGs
E

= E 2° i

5- 3-~~~~~~~~~i 3ob

K ' ,-i AI

EXON A INTRON I EXON4B INTRON E EXON C

Fig. 1. Restriction mapping and sequencing strategy of cloned genomic DNA
fragments containing the AVP-Np gene. (A) The clone X Charon 4A-VN 3
displaying all existing sites for the restriction enzymes indicated. (B) Partial
restriction map of subclone pVXHindII. Only the relevant restriction sites are
indicated. (C) The exon-intron structure of the rate AVP-Np precursor gene.
The relative positions of the exons are shown by thick bars. Only relevant sites
for restriction enzymes are displayed. (D) Sequencing strategy; the horizontal
arrows indicate the direction and extent of sequence determination.
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Fig. 2. Sequence of the rat prepro-AVP-neurophysin gene in comparison with that of bovine cDNA. The nucleotide sequence of the rat anti-sense strand isshown together with the deduced amino acid sequence. Nucleotide (asterisks) and amino acid (solid lines) sequence homologies found in the bovine cDNA areindicated beneath the rat sequences. Absence of nucleotides is indicated by dashed lines, absence of amino acids by a gap. No symbols beneath the rat se-
quences indicate that the respective bovine nucleotides are not yet known. The amino acid residues are numbered, the negative numbers indicate the putativesignal sequence of the rat precursor. Italic numbers indicate the nucleotide sequence upstream (negative numbers) and downstream (positive numbers) of thetranscription start site. Introns are shown in small letters; the sequence of intron I is only partially shown. The assignment of the introns is consistent with the
consensus sequence at exon-intron junctions where an intron begins with a GT and ends with an AG dinucleotide (Breathnach and Chambon, 1981). Se-
quences at both ends of the introns are complementary to the 5'-terminal sequences of the Ul small nuclear RNA as found for other genes (Lerner et al.,1980; Rogers and Wall, 1980). The arrow head points to the start site of transcription; the underlined regions show the Goldberg-Hogness sequence(Goldberg, 1979) and the exon-intron junctions. A CAAT sequence (Benoist et al., 1980), typically 70-80 nucleotides upstream of the transcription start site_~~~ ~ ~~-_--- ----.-

ana rouna m many but not all eukaryotic genes, could not be identified. A polyadenylation signal AAAATAAA (Proudfoot and Brownlee, 1976) is found 38nucleotides downstream of the stop codon. The rat AVP-Np gene is 1.85 kb long and comprises three exons, A, B and C of, respectively, 163 bp, 202 bp and210 bp.
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Fig. 3. Localization of the 5' terminus of rat prepro-AVP-Np mRNA by
SI nuclease mapping. Lanes G, G+A, C + T, C: DNA sequence of the
Sau961-PstI fragment (sense strand; see Materials and methods). Lane 1: SI
nuclease-resistant products generated by digestion of hybrids between rat
hypothalamic poly(A)+ RNA and the genomic Sau961-PstI fragment. Lane
2: as in lane 1, except that rat hypothalamic poly(A) + RNA was
substituted by 2 ug of Escherichia coli tRNA. Lane 3: the Sau961-PstI
fragment undigested. Below the figure is shown the DNA sequence of part
of the Sau961-PstI fragment. Arrows indicate the positions of the two ma-
jor SI- resistant products at position - 5 and + 1. The Goldberg-Hogness
box CATAAAT is underlined.

89 of the prepro-AVP-Np precursor. This is very close to
where the highly conserved region of the rat neurophysins
(Chauvet et al., 1981) ends (Ser 87 of the precursor). The se-
quence encoding the variable C-terminal part of neurophysin
and the glycoprotein as well as the 3' non-coding region are
uninterrupted. As indicated by nuclease SI mapping (Weaver
and Weissmann, 1979) there are no introns in the
5'-untranslated region nor in the sequence encoding the
signal peptide (see Figure 3).
The structure of the 5' -untranslated region of the bovine

cDNA shows strong homology (7407o) with the rat genomic
DNA upstream of the first ATG codon, the presumptive in-
itiation site of translation. To determine the start site of
transcription, poly(A)+ RNA from rat hypothalami was
hybridized to a 5' fragment of the pVXPvuII-I subclone
(Figure 1) and digested with nuclease SI. A protected frag-
ment of 88 bp (Figure 3) suggested transcription to start at
position +1 (Figure 2), an A residue, as in other eukaryotic
mRNAs (Breathnach and Chambon, 1981). Support for this
assignment is provided by a modified 'Goldberg-Hogness' se-
quence, CATAAAT (Goldberg, 1979) located 29 nucleotides
upstream of the presumptive transcription start site. A second
protected fragment of 93 bp (Figure 3) may point to a micro-
heterogeneity of the mRNA (Grez et al., 1981), or to the for-
mation of secondary structures not completely accessible to
nuclease S1 digestion (Weaver and Weissmann, 1979).
The sequence of the rat AVP-Np gene implies a length of

575 nucleotides for its mRNA and 168 amino acids for the
precursor (mol. wt. 17 826). This is in line with blot
hybridization analysis of rat poly(A) + RNA (700 bases in-
cluding a poly(A) tail) and cell-free translation studies
(Schmale and Richter, 1981; Swann et al., 1982). Dot blot
analysis of RNA from the supraoptic nuclei of homozygous
Brattleboro and normal rats using a specific AVP-Np probe
(NarI-HindIII) indicates that the AVP-Np mRNA is
drastically reduced if not absent in the mutant strain (data not
shown) agreeing with results of cell-free translation studies
(Richter, 1983). Since restriction mapping of genomic DNA

* -.-

Fig. 4. Schematic representation of the structural organization of the AVP gene and the deduced protein precursor. The insertion represents the glycoprotein
sequences from different sources. The rat glycoprotein sequence shows significant amino acid replacements compared with that from sheep, ox, pig and man
(Seidah et al., 1981; Smyth and Massey, 1979; Holwerda, 1972). The glycosylation site Asn-Ala-Thr and the leucine-rich central parts are well conserved
which may be indicative of a defined function, possibly as processing signals (Smyth and Massey, 1979), preserved during evolution. Dotted bar, putative
signal peptide; black bar, AVP; shaded bar, neurophysin (dark shading shows the conserved region); hatched bar, glycoprotein. The open bars in the prepro-
AVP-Np precursor present the amino acids involved in post-translational processing. The positions of significant amino acid residues are numbered; cysteine
residues are marked by vertical lines below the protein precursor; 6, position of the glycosylation site. The sites of capping, translational initiation and ter-
mination and the poly(A) site are indicated.
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confirms the existence of an AVP-Np gene, analysis of the
genomic DNA from Brattleboro rats should give further in-
sights into this genetic defect.

Discussion
Examination of the AVP-Np gene structure (Figure 4)

identifies the principal functional domains - AVP, Np,
glycoprotein - on three distinct exons similar to other split
genes (Breathnach and Chambon, 1981; Gilbert, 1978; Crick,
1979). The processing signals Gly-Lys-Arg essential for the
release of a functional hormone are located together with
AVP on exon A. The other signal, an arginine residue bet-
ween Np and the glycoprotein, is preserved in exon C. Genes
encoding other polyproteins (Herbert, 1981; Numa and
Nakanishi, 1981) like the pro-enkephalins (Herbert, 1981;
Kakidani et al., 1982; Noda et al., 1982; Gubler et al., 1982;
Legon et al., 1982) apparently adopted a mechanism where
repetitive enkephalin units together with spacer regions and
proteolytic cleavage signals are encoded within a single exon.
In these cases pre-existing introns separating the functional
units might have been lost during evolution (Perler et al.,
1980; Bell et al., 1980) after repetition of an ancestral gene
(Noda et al., 1982; Gubler et al., 1982; Legon et al., 1982).
Except for an ancient gene duplication within the
neurophysin exon (B), this mechanism does not appear to
have played a significant role in the evolution of the AVP-Np
gene, which better fits an exon shuffling model (Gilbert,
1978; Crick, 1979). Comparison of the rat gene sequence with
the bovine cDNA indicates striking homologies not only in
the protein-coding sequence but also in the 5'- and
3 '-untranslated regions. This finding together with the
remarkable sequence homology of 197 nucleotides encoding
the conserved part of bovine NpI and NpII (Land et al., 1982,
1983) support the notion that AVP and OT genes were sub-
ject to a recent gene conversion event (Baltimore, 1981). At
least in the rat AVP-Np gene an alternate splicing mechanism
(Amara et al., 1982) appears to be unlikely since the AVP-and
OT-associated neurophysins show three amino acid
replacements in their conserved regions.

Materials and methods
Screening of the Charon 4A library
The rat DNA library used (provided by J. Bonner through H. Land) was

constructed by inserting rat liver DNA fragments from a partial EcoRI digest
into a bacteriophage X Charon 4A vector (Sargent et al., 1979). It was screen-
ed by in situ hybridization at 65°C using as a probe a 32P-nick-translated
cDNA encoding the bovine AVP-NpII precursor (Land et al., 1982) cloned in
pBR322 (pVNPII-l). Hybridizing phage clones were isolated by repeated pla-
que purification and DNA was prepared from phage grown in liquid culture
(Blattner et al., 1977).

Restriction mapping, subcloning and sequence analysis
EcoRI restriction digests of DNA from selected positive plaques indicated

two types of clones both sharing a fragment of 8.2 kb that reacted with the
radioactive probe. The partial restriction map corresponding to the genomic
DNA inserted in X Charon 4A-VN 3 was deduced from analysis of DNA
samples singly or multiply digested with restriction endonuclease. The relative
positions of the exons were determined by blot hybridization with the 32p-
labeled cDNA probe (Land et al., 1982). The exact location and the structure
of the gene was determined by DNA sequencing (Maxam and Gilbert, 1980),
which also confirmed the position of restriction cleavage sites. The 13.8-kb
DNA insert of Charon 4A-VN 3 contained four EcoRI fragments of 8.2, 2.2,
2.19 and 1.3 kb, of which the largest hybridized with the nick-translated
cDNA probe. Digestion with endonuclease HindlII gave rise to a 3.8-kb frag-
ment, which was subcloned in the plasmid vector pUC 8 (Vieira and Messing,
1982) to give pVXHindIlI. Digestion of pVXHindIII with endonuclease PvuII
gave rise to two strongly hybridizing fragments of 540 and 560 bp. Both

PvuII-fragments were subcloned in pUC 8 yielding the clones pVXPvuII-I
containing sequences from the 5' and pVXPvull-2 from the 3' end of the gene
and used together with pVXHindIII for sequence analysis as outlined in Figure
1. Restriction mapping of rat liver DNA probed with a specific VNp-DNA
(Nar/HindIII fragment) confirmed the fragment sizes identified with HindIII
and EcoRI of the cloned rat genomic DNA library; there was no evidence for
multiple copies of the AVP-Np gene in the rat.

SI nuclease mapping
The genomic subclone pVXPvuII-I was digested with Sau961, labeled at

the 5' ends with 32P and recut with PstI. The isolated 116-bp Sau961-PstI
fragment, uniquely labeled at the 5' end of the sense strand, encodes the
N-terminal 18 amino acids of the AVP-Np precursor and extends as far as the
CATAAAT box in the 5' direction. The probe ( -0.3 pmol, sp. act. 1.7 x 105
c.p.m./pmol 5' end) was denatured, hybridized to 2 Ag of rat hypothalamic
poly(A)+ RNA (Richter et al., 1980) in 80%o formamide at 45°C for 15 hand
digested with S1 nuclease (Weaver and Weissmann, 1979). A sample of the
probe was subjected to sequence reactions (Maxam and Gilbert, 1980) and us-
ed as a marker. The products of S1 digestion were electrophoresed on a 7 M
urea/107o polyacrylamide gel.
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