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ABSTRACT Molecular cloning of the vasotocin gene of a
cyclostome, the Pacific hagfish Eptatretus stouti, reveals, in
contrast to other known members of the vertebrate vasopres-
sin/oxytocin hormone gene family, an unusual exon—intron
organization. Although the location of three exons and two
introns is conserved, an additional intron is present 5’ of the
coding region of the hagfish gene. The third intron, which is
> 14 kilobase pairs in size, contains on the opposite DNA strand
to that encoding vasotocin an open reading frame exhibiting
striking similarity to the putative transposase of Tcl-like
nonretroviral mobile genetic DNA elements, so far reported
only from nematodes and Drosophila. The hagfish element,
called Tesl, is flanked by inverted terminal repeats represent-
ing an example of the existence of a typical inverted terminal-
repeat transposon within vertebrates. The presence of Tcl-like
elements in nematodes, Drosophila, and cyclostomes indicates
that these genetic elements have a much broader phylogenetic
distribution than hitherto expected.

The jawless cyclostomes—hagfish and lampreys—are de-
scendants of the most primitive living vertebrates, which
diverged from the mainstream of vertebrate phylogeny >500
million years ago (1). Of all vertebrates, they have the
simplest central nervous systems (2), making them attractive
model systems for studying various aspects of brain function
(3). The cyclostome vasotdcin gene structure is of evolution-
ary interest because the nonapeptide vasotocin is supposed to
represent the common ancestor of the vasopressin/oxytocin
superfamily found in higher vertebrates (4). The coexistence
of at least one peptide hormone from each peptide family
(vasopressin-like and oxytocin-like) in all higher vertebrate
classes is, thus, thought to result from duplication and
consecutive divergence of a common ancestral gene before
the radiation of cartilaginous fish, which occurred some 450
million years ago (4).

Classification of the nonapeptides that have the consensus
sequence Cys-Xaa-Xaa-Xaa-Asn-Cys-Pro-Xaa-Gly-amide as
a member of one or other of these families, is based solely on
structural considerations; although a basic amino acid resi-
due at position 8 is typical of vasopressin family members,
this residue is substituted by a hydrophobic residue in
oxytocin-like hormones. In mammals, vasopressin has a key
endocrine role in hydroosmotic regulation, whereas oxytocin
serves a reproductive function. Nothing is known about the
endogenous function of the hagfish vasotocin-like peptide;
however, an osmohomeotic function can almost certainly be
excluded because the plasma of these animals is known to be
isosmolar with the surrounding seawater (5).
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Previous studies have shown that the precursor molecules
of both hormone families consist of a signal peptide, the
hormone sequence, a Gly-Lys-Arg processing and modifica-
tion sequence, and a carrier molecule termed neurophysin
(6-9). All precursors of the vasopressin family are extended
by a so-called copeptin domain, which is also present in the
sucker isotocin precursors (8); the latter are the equivalents
of mammalian oxytocin. In mammals and amphibia, this
domain has been deleted from the oxytocin precursor. The
common evolutionary origin of the two peptide families is
further emphasized by their similar gene structures. Mam-
malian vasopressin and oxytocin genes each contain two
introns, which interrupt the coding regions for the neurophy-
sins at similar positions (6).

Based on cDNA and gene sequence data from the Pacific
hagfish, this report provides conclusive evidence for the
existence of the vasotocin precursor? in this spécies and
describes the organization of this gene, which, in contrast to
those of higher vertebrates, contains an additional intron that
interrupts the 5’-untranslated region. Remarkably, an open
reading frame (ORF) has been detected within the third intron
that predicts a protein strikingly similar to the putative
transposases of Tcl-like elements normally found in nema-
todes and Drosophila (10-14).

MATERIALS AND METHODS

RNA and Genomic DNA Preparations. Poly(A)* RNA was
prepared from either whole brains or dissected mesencephali
of several Pacific hagfish (Eptatretus stouti) by using stan-
dard procedures (15, 16). Genomic DNA was prepared from
individual hagfish livers (17).

Labeling of Brain Poly(A)* RNA. One microgram of
poly(A)* RNA from hagfish whole brains was transcribed
(17) into 100 ng of 32P-labeled cDNA probe by using
[a-32P}dCTP and random hexanucleotide primers (Boehring-
er Mannheim). After alkali hydrolysis of the template RNA,
the probe (5 x 108 cpm/ug of cDNA) was used at a concen-
tration of 20 ng of cDNA per ml of hybridization solution.

c¢DNA Library Construction, Screening, and Sequence Anal-
ysis. Fivé micrograms of hagfish hypothalamic poly(A)*
RNA was used for cDNA synthesis (18), which was subse-
quently blunt-ended by using T4 DNA polymerase, ligated to
EcoRlI adaptors, and inserted into the EcoRlI site of the AZAP
II cloning vector (19), yielding 4 X 10° recombinants. After
amplification, the DNA from 105 recombinants was trans-
ferred onto nitrocellulose membranes and hybridized, in
duplicate, with 50 pmol of a 96-fold degenerate 20-base
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oligonucleotide (5'-GGRCARTTYTGDATRTARCA-3', in
whichR=AorG;N=A,C,G,orT;D = A, G, or T; and
Y = C or T), which is complementary to all possible codons
for the first seven amino-acid residues of vasotocin. The
oligonucleotide was end-labeled to a specific activity of >10¢
cpm/pmol. Replica filters were washed finally in 3 M
(CH3)4NCl at 58°C (20). A single vasotocin-encoding clone
was isolated and upon sequence analysis appeared to lack the
entiré 5’-untranslated sequence and the first part of the
putative signal peptide. This cDNA clone labeled to a specific
activity of 10° cpm/ug (21) was used to screen another 4 x
10° recombinants. Seven out of 30 positively hybridizing
clones were purified, and those that gave rise to the longest
Sma 1/EcoRI restriction fragments at their 5’ ends were
subsequently sequenced. Inserts were rescued as pBlue-
script(—) phagemids as described (19).

Restriction fragments were subcloned into M13mp18 (22) or
pBluescript SK(+) vectors (Stratagene) and sequenced (23) by
using the Sequenase kit (United States Biochemical). Genomic
DNA sequences were determined by using an automated DNA
analysis machine (Applied Biosystems model 304).

Cloning of the Vasotocin Gene. Products [15-24 kilobase
pairs (kbp)] of a partial Sau3AlI digestion of genomic DNA
from a single hagfish were cloned into the BamHI sites of the
ADASHII vector. Independent clones (2 X 10°) were used for
infection of the Escherichia coli strain SRB, and the resultant
plaques were screened with a radiolabeled (21) vasotocin
cDNA. A cassette containing the DNA insert flanked by T3
and T7 RNA polymerase promoters was excised from iso-
lated clones with Not I. A restriction map of the hagfish
vasotocin gene was determined by partial digestion of cloned
DNA with various restriction endonucleases and, succes-
sively, by hybridizations with T3 and T7 oligonucleotides in
Southern blot experiments (24). The locations of exonic
sequences were determined by Southern blot analyses of
completely digested DNA from genomic clones with cDNA
or oligonucleotide probes and with sequence analysis after
subcloning into pBluescript SK(+).

RNA and Southern Blot Analysis. Five micrograms of
restriction endonuclease-digested genomic DNA or 10 ug of
glyoxylated poly(A)* RNA was separated electrophoreti-
cally in 0.7% (wt/vol) or 1.3% (wt/vol) agarose gels and
transferred onto Hybond-N membranes (Amersham), ac-
cording to the supplier’s recommendations. Membranes were
hybridized with radiolabeled cDNA probes by using standard
conditions (17). The final wash stringency was 15 mM sodium
chioride/1.5 mM sodium citrate/0.1% (wt/vol) SDS at 65°C.
For Southern blot analyses of genomic clones, 1 ug of
appropriately digested DNA was loaded per lane.

RESULTS AND DISCUSSION

Structure of the Vasotocin cDNA and the Encoded Precur-
sor. The longest vasotocin ¢cDNA insert consists of 1049
nucleotides, excluding the poly(A) tail (Fig. 1). The first ATG
codon is found at positions 52-54, which is followed by an
OREF that predicts an authentic vasotocin hormone precursor
(Fig. 2) and, remarkably, ends with a cluster of 11 contiguous
stop codons at positions 535-567. The 3’-untranslated region
comprises 515 base pairs (bp) and has a polyadenylylation
signal (AATAAA) located at positions 1026-1031. A tran-
script of 1150 bases was detected in RN A blot experiments of
mesencephalon poly(A)™ RNA (Fig. 3A4), suggesting that the
longest cDNA essentially represents a full-length clone.

The single ORF of the hagfish cDNA predicts a precursor
molecule consisting of 161 amino acid residues with a calcu-
lated molecular mass of 15,815 Da. The precursor is coni-
prised of a hydrophobic signal peptide of 22 residues followed
by the vasotocin hormone moiety, the amino acid motif
Gly-Lys-Arg, and a neurophysin moiety that is extended by
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a copeptin-like sequence. If the lysine residue at position 129
is considered the border between the neurophysin and the
putative copeptin, the former should comprise 95 amino
acids, the latter 32 residues including the characteristic
hydrophobic/basic amino acid core, which is found in related
sequences from higher vertebrates (Fig. 2). Unlike all teleost
fish copeptin domains examined to date (8, 9), the respective
hagfish domain contains a potential N-linked glycosylation
signal (residues 143-145). Its location, however, is much
closer to the hydrophobic/basic core than glycosylation sites
found in mammalian copeptins.

Sequence comparison with those of other vertebrates
shows that the hagfish vasotocin prohormone contains 14
conserved cysteine residues within the neurophysin se-
quence at identical positions, implying that all known neu-
rophysins are folded in a similar manner by specific disulfide
bridges. This bonding has been shown to be crucial for
establishing the conformation of the bovine neurophysin (25,
26) and, hence, for the latter to correctly bind the peptide
hormone (27). Interestingly, a glutamic acid residue at posi-
tion 47 of the bovine vasopressin-associated neurophysin
(indicated by arrow in Fig. 2), whose y-carboxyl group
interacts noncovalently with bound hormone (26), is also
conserved in the hagfish neurophysin moiety.

Vasotocin Gene Structure. To analyze the structure of the
vasotocin gene a representative genomic liver DNA library
was constructed from a single hagfish. Independent clones (2
x 10°) from this library were screened with a radiolabeled
hagfish vasotocin cDNA probe. Three genomic clones were
chosen for detailed restriction and sequence analysis. An
EcoRI restriction fragment length polymorphism detected
among the genomic clones (depicted by a star in Fig. 1A4)
indicates that both alleles of the analyzed individual have
been cloned.

Comparison of the cDNA and gene sequences (Fig. 1B)
reveals that the hagfish vasotocin gene contains two introns
at similar positions to those in the mammalian vasopressin
and oxytocin genes (6). However, the 5’-most 45 bp of the
c¢DNA were not found within the 862 bp of the genomic
sequence preceding that which overlaps with the rest of the
cDNA. This result suggests that the hagfish vasotocin gene
contains an additional intron compared with related genes in
higher vertebrates, 5’ of the coding region. In Fig. 1, the two
sequences are aligned so that the end of the putative first exon
(A) and the intron 1-exon B junction would correspond to
consensus sequences for exon—intron boundaries (28). Thus,
this intron, the exact size of which remains to be determined,
should be located between nucleotides 45 and 46 of the cDNA
interrupting the 5’-untranslated region. Whether this intron
evolved de novo after the evolutionary radiation of cyclo-
stomes or whether it has been deleted in the lin¢ of descent
of tetrapods is presently unclear. Due to the lack of teleost
vasotocin cDNA clones with long extensions at their 5’ ends
(29), the existence of such an intron would not have been
detected in the vasotocin gene of Catostomus commersoni.

Although the second intron of the hagfish vasotocin gene
consists of 177 bp, the third intron has a length of ~14.2 kbp,
as deduced from the physical map (Fig. 1A). Thisintronis, thus,
considerably larger than the introns found at the same relative
positions in other members of the vertebrate vasopressin gene
family (6, 29), which range in size from 90 to 1150 bp.

When the ¢oding regions of the cDNA and genomic se-
quences are compared, a few divergences in the nucleotide
and amino acid sequences are noted. These differences most
likely represent allelic polymorphisms in the analyzed pop-
ulation. For instance, the cDNA differs from the genomic
sequence by an A — G exchange at position 422 (cDNA
numbering), which substitutes a glycine residue for an as-
partate residue. In the 3'-untranslated region, the genomic
sequence differs from that of the cDNA by the deletion of 3
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out of 11 triplets in the stop-codon cluster and the insertion
of a total of 3 adenine residues (Fig. 1).

Identification of the Hagfish Tes! Transposon. The large
third vasotocin intron could easily accommodate an addi-
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(A) Structure and sequence analysis of the hagfish vasotocin cDNA and gene. Scale units of the diagram are kbp for the gene and
100 bp for the cDNA. (Top) Alignment of three independent vasotocin genomic clones. Orientation of inserts is indicated by positions of the
T3 and T7 RNA polymerase promoters contained in the ADASHII cloning vector. (Middle) Physical map of the vasotocin gene. Filled boxes
indicate vasotocin exons. Stippled box represents location of Tes/ element, the orientation of whose putative transposase reading frame is
indicated by an arrow. The star indicates an EcoRlI site, present only in clones AVTgenel and AVTgene2. (Bottom) cDNA structure, where
boldface lines represent nontranslated regions. Boxes denote different moieties of the vasotocin precursor. Boldface letters designate exons that
code for different parts of the precursor. S, signal peptide; V, vasotocin; NP, neurophysin. (B) Comparison of cDNA and genomic DNA
sequences. Numbers at right indicate nucleotide positions. Exonic sequences are shown in plain text; intronic sequences are in italic. The
deduced amino acid sequence of the vasotocin (VT) precursor is shown. The genomic sequence predicts the same polypeptide sequence, except
for a glycine instead of an aspartate; this difference results from a polymorphism at nucleotide 15692. The Tes/ transposon sequence is shown
in the middle part, where underlining indicates the inverted terminal repeats. Note that the putative transposase is encoded by the complementary
strand. The approximate sizes of those genomic sequences, yet to be determined, are indicated. The polyadenylylation signal at the end of the
cDNA and the gene is also underlined.

tional gene(s). To identify possible transcribed regions within
this intron, the three differently sized genomic vasotocin
clones were digested with restriction enzymes, Southern
blotted, and hybridized with labeled hagfish brain poly(A)*
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Fi1G. 2. Alignment of vasopressin family prohor-
mone sequences from different vertebrate classes.

hagfish VT
salmon VT-1
salmon VT-2
toad VT
rat AVP

Only one representative of each class is shown,
except for teleosts that contain two highly divergent
precursors. Dark boxes indicate residues that are
conserved among all compared sequences. The solid
arrow points to a conserved glutamic acid residue,

DVTEKAGVTFSGATFSGATGGLANPTG
DSKRQSP SEQNAAL-M--GGLA---G
ESRYHSPADHSAGATSDS-----P-
EDSERRRVTPEQNMTQMD-GSAS---
GFFRLTR.?REQSNATQLD-G—-—P

hagfish VT LE- IDA
salmon VT-1 SE: SE! P!
salmon VT-2 SD SE. P!
toad VT ISSG: DD S
rat AVP SG DE!

essential for the noncovalent binding of vasopressin-

ADLE like peptides by the neurophysin (25, 26). Open

arrowheads indicate residues that form antiparallel
hydrogen bonds in bovine neurophysin II dimers
(26). Sequences are taken from refs. 6, 7, and 9. VT,
vasotocin; AVP, arginine vasopressin.

RNA. Several hybridizing bands were obtained, but not all
fragments identified by restriction mapping hybridized to
labeled hagfish brain cDNA (Fig. 3B, closed arrowheads). At
the stringent conditions chosen, no hybridization signals
were seen when using the vasotocin cDNA clone (Fig. 3B,
lane VT cDNA) as a control, which is due to low levels of
vasotocin mRNA in total brain poly(A)* RNA preparations
and which agrees with the results of RNA blots that yield a
hybridization signal with mesencephalon but not with total
brain RNA (Fig. 3A).

The shortest hybridizing restriction fragment—a 1.1-kbp
HindlIlI fragment—was subsequently sequenced and used for
a data base search (National Biomedical Research Founda-
tion-Protein Identification Resource data base, release 28).
The longest ORF of this fragment is located on the opposite
DNA strand to that encoding the vasotocin precursor. This
OREF predicts a protein sequence strikingly similar to putative
transposases of Tc/-like elements from nematodes and Dro-
sophila (10-14). Further sequencing up and downstream of
the HindllI fragment revealed a stretch of 66 bp of imperfect
inverted terminal repeats flanking the region encoding the
putative transposase (Fig. 4). Structural features, such as
inverted terminal repeats and a putative transposase, are
typical of nonretroviral mobile genetic elements (30), indi-
cating that the third vasotocin intron sequence contains a
transposon. When this transposon of =~1.5 kbp in size,
termed Tes/, was labeled and used to hybridize with the
original Southern blot, no bands other than those marked by
open arrowheads were detected (Fig. 3B), suggesting that
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F1G. 3. (A) RNA blot analysis of the hagfish vasotocin mRNA.
Ten micrograms of poly(A)* RNA from dissected hagfish mesen-
cephali (mc) or total brains (br) was separated in a 1.3% (wt/vol)
agarose gel and hybridized with a labeled Sma 1/EcoRI restriction
fragment of the vasotocin cDNA (nucleotides 140-407). Positions of
marker bands (low-molecular-mass RNA ladder; BRL) are indicated.
(B) ldentification of Tes/ transposon within the hagfish vasotocin
gene. One microgram of DNA of genomic clones, digested as
indicated, or the vasotocin cDNA as a control, was loaded per lane,
separated in a 1% (wt/vol) agarose gel, and transferred onto a
Hybond-N membrane, which was subsequently hybridized for 36 hr
with 1 ug of labeled cDNA from total brains. After high-stringency
washes the membrane was exposed to Kodak XAR-5 film at —80°C
for 3 days. Positions of size markers (1-kbp ladder, BRL) are
indicated. Open arrowheads indicate hybridizing restriction frag-
ments that contain Tes/ transposon sequences. Filled arrowheads
denote nonhybridizing restriction fragments of the cloned sequences.

additional Tes/ copies are absent from the third intron. The
additional hybridizing bands unrelated to Tes/ shown in Fig.
3B have not yet been characterized.

Similarity of the hagfish Tes/ putative transposase to its
counterparts from nematodes and flies is restricted to =200
amino acid residues (Fig. 4); this region exhibits =~40%
identity to the nematode transposases (Caenorhabditis ele-
gans Tcl element, ref. 10; Caenorhabditis briggsae Tcbl
element, ref. 11), and between 28 and 32% identity to
Drosophila transposases (Uhu, ref. 13; Minos, ref. 14; and
HB-1, refs. 11 and 12). The ATG codon assigned as the
initiator codon (Fig. 4) predicts a considerably larger trans-
posase compared with that of Tc/ (407 vs. 273 amino acid
residues); however, a definite prediction of the structure of
the Tes/ transposase must await the sequence analysis of
further Tes/ copies because the presented transposase read-
ing frame contains three in-frame stop codons, a feature
shared with many elements of other transposase families (31).
Transposition of such nonautonomous elements depends on
the presence of trans-acting functional transposases gener-
ated from complete copies (31).

Southern and RNA blot analysis of hagfish genomic DNA
and brain poly(A)* RNA, respectively, clearly demonstrated
the presence of multiple copies of the Tes/ transposon within
the hagfish genome and of Tes/-like elements in numerous
other hagfish genes expressed in brain (data not shown).
Whether any of these are autonomous elements—i.e., able to
encode functional transposases, remains to be determined.

Eukaryotic mobile genetic elements have been classified
according to their mode of transposition (30). Class I ele-
ments, often found in vertebrates, resemble retroviral prose-
quences and move within their host genomes via RNA
intermediates. In contrast, class II elements, characterized
by short inverted terminal repeats flanking putative trans-
posase-encoding reading frames, transpose directly from
DNA to DNA. Although several distinct families of class II
transposable elements are known in invertebrates and plants
(30, 31), only a few candidate inverted terminal-repeat trans-
posons have to date been identified in vertebrate genomes,
where class I elements seem to predominate. However, all
vertebrate class II elements described (32) lack transposase-
encoding reading frames. Because the cloned hagfish Tes/
element contains a reading frame that encodes a protein
reminiscent of a transposase, this demonstrates the presence
of a typical inverted terminal-repeat transposon within ver-
tebrates. The presence of Tc/-like elements in nematodes
(10, 11), flies (11-14), and cyclostomes indicates that they
represent members of the most widely dispersed class II
transposon family currently known in the animal kingdom. It
remains to be established whether this broad distribution is
due to evolutionary conservation or to the horizontal transfer
of these elements across species borders, which has been
proposed for other transposon families (33, 34).

Tcl elements are the major cause of spontaneous muta-
tions in certain C. elegans strains (35) and have successfully
been used as probes for the cloning of several genes (35).
Unfortunately, the hagfish is probably one of the least studied
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Sequence of the hagfish Tes/ element and flanking nucleotides. Within the DNA sequence, boxes denote the inverted terminal

repeats. The predicted amino acid sequence of an ORF, which is interrupted by three in-frame stop codons (indicated by stars), is shown below
the DNA sequence. Identical amino acid residues in the putative Tes/ and Tc/ (ref. 10) transposases are indicated by dark boxes. Dashes denote
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organisms in genetic terms; this is emphasized by the fact that

only

a single sequence, other than those described here, is

currently known. It is, thus, premature to comment on the
mutational impact of Tes/ elements in the hagfish genome.
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