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ABSTRACT The primary structures of the precursors of
neurohypophysial hormones vasotocin (VT) and mesotocin
(MT) in the hypothalamus of the toad Bufo japonicus were
determined by analyzing the nucleotide sequences of the cloned
cDNAs encoding them. The MT precursor consists of 125
amino acid residues containing a signal peptide followed
directly by MT, which in turn is connected to the MT
neurophysin by Gly-Lys-Arg, a processing and carboxyl-
terminal amidation signal. In contrast, the VT precursor
includes a glycoprotein of 36 amino acids following the VT
neurophysin. Except for glycoprotein, the structures of MT
and VT precursors are quite similar. RNA transfer blotting
analysis showed that both MT and VT mRNAs are present in
the brain but not in the liver, ovaries, and testes ofthe toad. The
sequences and the structural organizations of the MT and VT
precursors are highly homologous to those of their mammalian
counterparts, oxytocin and arginine vasopressin precursors,
respectively. This fact suggests that, in the evolutionary path-
way of neurohypophysial hormones, VT is the ancestor mole-
cule of vasopressin, while MT is that of oxytocin.

Vasotocin (VT) and mesotocin (MT) are neurohypophysial
peptides produced by magnocellular preoptic neurons in the
hypothalamus in amphibians, reptiles, and birds. They have
important physiological roles in the regulation of water balance
in anuran amphibians (1). VT is probably an antidiuretic
hormone, while MT may be a diuretic one. Recent neuro-
ethological studies have suggested a further physiological sig-
nificance of VT in anuran reproductive behavior (2).
Ten distinct nonapeptide principles have been character-

ized in a wide variety of vertebrates (3). The molecular
evolution of neurohypophysial hormones has attracted many
investigators, and many schemes have been proposed for an
evolutionary pathway based on their amino acid structures
and phyletic distributions (4). The structures of precursors
for neurohypophysial hormones in lower vertebrates, how-
ever, have not yet been characterized.

Recently, the primary structures of the precursors of
mammalian neurohypophysial hormones, arginine vasopres-
sin ([Arg8]VP) and oxytocin (OT), were determined by
sequence analysis ofcDNAs from cows (5, 6). Thereafter, the
gene organizations for [Arg8]VP and OT were elucidated in
cows (7), rats (8), and humans (9). According to these studies,
the [Arg8]VP precursor consists of ternary segments for
[Arg8]VP, [Arg8]VP-neurophysin, a carrier protein specific to
[Arg8]VP, and a glycoprotein named copeptin. The OT
precursor consists ofbinary segments for OT and OT-specific
neurophysin lacking a glycoprotein domain. Since VT and
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FIG. 1. Synthetic oligodeoxynucleotides for the screening ofMT
and VT coding sequences. The amino acid sequences and the
predicted nucleotide sequences ofmRNAs for the common region of
MT and VT are shown. Based on these nucleotide sequences,
oligo-A, which is a pool of 16 oligonucleotides, and oligo-B, a pool
of 32 oligonucleotides, were synthesized by use of the phosphor-
amidite method (14) as probes for the screening.

MT are the most widely distributed neurohypophysial prin-
ciples in lower vertebrates, elucidation of the structures of
their precursors would provide valuable information as to the
evolutionary relationship of these peptides.
We report here the isolation and characterization of the

cDNAs encoding the mRNAs for VT and MT precursors of
the toad, Bufo japonicus. The elucidated nucleotide se-
quences show considerable homology in both organizations
and sequences among the four precursors of neurohypo-
physial hormones (VT, MT, [Arg8]VP, and OT).

MATERIALS AND METHODS
Procedures for constructing a cDNA library from the toad
diencephalons, screening of the library, analyzing the nucle-
otide sequences, and RNA transfer-blot analysis followed
those of Ishida et al. (10). In brief, the diencephalons (15 g)
were collected from 300 toads captured in the breeding
season in March 1985, and a total RNA (5.1 mg) was
extracted from them in 4 M guanidinium thiocyanate buffer
(11). Poly(A)+ RNA (115 ug) was separated by oligo(dT)-
cellulose column chromatography (12). A cDNA library was
constructed by the method of Okayama and Berg (13) with 10
,ug of poly(A)+ RNA and 3.2 pAg of vector/primer DNA. A
total of 20,000 transformants was screened by colony hybrid-
izations with two 32P-labeled synthetic oligonucleotide mix-
tures designated "oligo-A" and "oligo-B" (Fig. 1), which are
complementary to all putative mRNA sequences predicted
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FIG. 2. Restriction maps and sequencing strategies of the toad
MT (pVT-1) and VT (pVT-4) cDNA clones. From left to right, each
diagram shows a schematic representation of the 5' untranslated
region (thick line), the signal peptide (hatched box), MT or VT
(stippled box), the MT- or VT-specific neurophysin (open box), the
glycoprotein region (heavily stippled box in pVT-4), and the 3'
untranslated region (thick lines). Horizontal arrows indicate the
direction and extent of sequence determination.

from the amino acids sequence common to VT and MT. The
probes were 5'-end-labeled with [y32P]ATP to a specific
activity of 2-3 x 107 cpm/,ug. Plasmids from the positive
clones were analyzed by several restriction enzymes. The
inserts from the positive clones were subcloned into pUC18
vector, and the nucleotide sequences were determined by the
Sanger dideoxy sequencing method (15).

Poly(A)+ RNAs from the brains, testes, ovaries, and livers
of the toads were electrophoresed in a 1.4% agarose/formal-
dehyde gel, and transferred to a nitrocellulose filter (16).
After prehybridization, the filter was hybridized with a
32P-labeled nick-translated Pvu II-Rsa I fragment of pVT-1
(MT cDNA clone) or a Ava I-Ava I fragment of pVT-4 (VT
cDNA clone) and was subjected to autoradiography.

RESULTS
Cloning of cDNAs Encoding VT and MT Precursors. By

screening of about 20,000 transformants with the 5'-32P-labeled
synthetic oligonucleotide probes, 2 positive colonies were
obtained by oligo-A, and 4 by oligo-B. The former 2 colonies
had inserts of approximately 600 base pairs. Digestion of these
inserts withPvu II andRsa I yielded fragments ofthe same size,
suggesting that they may be identical. The analysis of the
nucleotide sequence of 1 clone (pVT-1) showed that it contained
a MT-specific sequence. Meanwhile, a restriction analysis of
the clones obtained by oligo-B showed a presence of two
separate groups. One clone (pVT-4) included a VT-specific
sequence, while 3 clones in another group did not contain any
sequence specific to VT or MT.

Structural Analysis of MT and VT Precursors. Inserts of
pVT-1 and pVT-4 were subjected to treatments with restriction
endonucleases, and the nucleotide sequences were analyzed by
the strategies illustrated in Fig. 2. The nucleotide sequences of
mRNAs and the deduced amino acid sequences of the precur-
sors of toad MT and VT are shown in Figs. 3 and 4.
MT Precursor. The pVT-1 insert is composed of 525

nucleotides encoding MT at nucleotides 1-27. The initiation
site of translation may be assigned to the methionine codon
AUG at positions -54 to -52, but not at positions -63 to
-61, because CCGCCAUG at positions -59 to -52 is almost
the same as the initiation site of the other eukaryotic genes
[consensus sequence: CCRCCAUG (where R = purine)]
(17). Comparison of the structure of the MT precursor with
that of the OT precursor further supports it. The succeeding
18, mainly hydrophobic, amino acid residues probably rep-
resent the signal peptide. A tripeptide (Gly-Lys-Arg) that
follows MT may serve as the signal for carboxyl-terminal
amidation and proteolytic processing (18). The remainder of
the MT precursor consists of a peptide of 94 amino acids that
is cysteine-rich and highly homologous to the mammalian
OT- and [Arg8]VP-specific neurophysins (5, 6, 18). A termi-
nation codon (UAG) follows directly the sequence encoding
the neurophysin-like peptide and is followed by a 3' untrans-
lated region containing an AAUAAA sequence (396-401) for
its polyadenylylation signal. Thus, the precursor of toad MT
is composed of 125 amino acid residues and has a calculated
molecular weight of 13,516.

-100
AGAAGAACUCCAAGGAACACUCAUCUUCGCA

-50 -t
GACCAGCUGGAGUCAUGACCGCC AUG UCU UAC ACU GCA CUU GCC GUG ACC UUU UUU GGC UGG UUA GCC UUG UCU UCA GCG

Met Ser Tyr Thr Ala Lou Ala Val Thr Phe Phe Gly Trp Lou Ala Leu Ser Ser Ala
-19 -10 -1

1 50
UGU UAU AUA CAA AAC UGC CCC AUA GGA GGA AAG AGA UCG GUG AUA GAC UUC AUG GAC GUA AGA AAG UGU AUC CCC
Cys Tyr lie Gin Asn Cys Pro lie Gly Gly Lys Arg Ser Val lie Asp Phe Met Asp Val Arg Lys Cys lie Pro

MESOTOCIN J 0t1 NEUROPHYSIN 20 .1.00 150
UGU GGA CCA AGG AAC AAA GGU CAC UGC UUU GGG CCC AAC AUC UGC UGU GGA GAG GAG CUG GGU UGU UAC UUU GGC
Cys Gly Pro Arg Asn Lys Gly His Cys Phe Gly Pro Asn lie Cys Cys Gly Glu Glu Leu Gly Cys Tyr Phe Gly

30 40 50
200

ACC ACG GAG ACU CUG AGA UGC CAA GAA GAA AAU UUC CUC CCU UCA CCG UGU GAA UCU GGA AGG AAA CCA UGU GGG
Thr Thr Glu Thr Leu Arg Cys Gin Glu Glu Asn Phe Leu Pro Ser Pro Cys Glu Ser Gly Are Lys Pro Cys Gly

60 70
250

AAU AAU GGA GGA AAC UGC GCC CGC UCU GGC AUC UGC UGC AAC CAU GAG AGC UGC ACG AUG GAC CCG
Asn Asn Gly Gly Asn Cys Ala Arg Ser Gly lie Cys Cys Asn His Glu Ser Cys Thr Met Asp Pro

80 90
350

CAG GAC UCG GUA UUU UCC UAG
Gin Asp Ser Val Phe Ser ***

IU6t

300
GCC UGC GAA
Ala Cys Glu

100

UCCCUAGACCUUCUCCAAGGCAGAACCACCACACGAAGCGGGACCACCGCUGUGUAUAGAUGUACUGUACAG

400
UGAAUAAAGACCUCAAACAUG-poly (A) 3'

FIG. 3. Primary structure of the mRNA from the toad brain encoding the MT precursor and the deduced amino acid sequence. Nucleotide
residues are numbered in the direction from 5' to 3', beginning with the first residue in the coding region for MT. The nucleotides upstream to
the residue 1 are indicated by negative numbers. The amino acid residues are numbered with the first residue (Cys) ofMT as 1. The amino acids
constituting the putative signal peptide are indicated by negative numbers. The AAUAAA sequence in the 3' untranslated region is underlined.
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-50 -1
5' ACA GCA CCC GUC CCC GCC UGC UUC CUG UGC CUG CUG GCC CUG UCA UCA GCC

Thr Ala Pro Val Pro Ala Cys Phe Leu Cys Lou Lou Ala Lou Sor Ser Ala
-10 -l

1 50
UGC UAC AUC CAG AAC UGC CCC AGA GGA GGC AAG AGG UCC UAC CCC GAC ACA GCA GUC CGA CAG UGU AUA CCA UCU
Cys Tyr le Gin Asn Cys Pro Arg Gly Gly Lys Arg Seo Tyr Pro Asp Tbr Ala Val Arg Gin Cys Ile Pro Cys

I VASOTOCIN f to t NEUROPHYSIN 20 15
100 150

GGC CCG GGG AAC AGA GGG AAC UGU UUC GGA CCA AAC AUU UGC UGU GGA GAA GAU CUA GGA UGU UAC GUC GGG ACC
Gly Pro Gly Asn Arg Gly Asn Cys Phe Gly Pro Asn 1ie Cys Cys Gly Glu Asp Lou Gly Cys Tyr Val Gly Thr

30 40 50
200

CCC GAA ACC CUU CGC UGU GUG GAA GAG ACA UAC UUA CCU UCC CCC UGU GAG GCC GGU GGA AAA CCC UGC AGC AGU
Pro Glu Thr Lou Arg Cys Val Glu Glu Thr Tyr Lou Pro Ser Pro Cys Glu Ala Gly Gly Lys Pro Cys Ser Ser

60 70
250 300

GGA GGC CGA UGC GCA GCA CCA GGA GUC UGC UGC AGU GAC GAC ACU UGC GUC GUG GAC UCC AGC UGC CUG GAU GAA
Gly Gly Arg Cys Ala Ala Pro Gly Val Cys Cys Ser Asp Asp Thr Cys Val Val Asp Ser Ser Cys Lou Asp Glu

80 90 100
350

GAC AGC GAG AGG AGA CGA GUG ACC CCC GAG CAG AAC AUG ACC CAG AUG GAC GGC UCC GCC AGC GAU CUG CUC CUC
Asp Ser Glu Arg Arg Arg Val Thr Pro Glu Gin Asn Met Thr Gin Met Asp Gly Ser Ala Ser Asp Lou Lou Lou

. . 110 GLYCOPROTEIN 120
400 450

AGA CUC AUG CAC AUG GCC AAC AGA CAA CAG CAA AGC AAG CAU CAG UUC UAC UGA GCGCAGCGCCUGCGUGCCUCAUGUGCCU
Arf Lou Net His Met Ala Asn Arg Gin Gin GIn Ser Lys His Gin Pbe Tyr ***

130 140 142t
500_*f.A e@lr _I~ffff~-- IA IL _ elt IA IL If A rr *U A A IN l A A- Or fIA r A P A A v AA IL IA, -poly(A) 3'

FIG. 4. Primary structure of the mRNA for the VT precursor from the toad brain and the deduced amino acid sequence.
amino acid residues are numbered as shown in Fig. 3.

Nucleotide and

VT Precursor. The insert of pVT-4 encodes VT at nucle-
otide positions 1-27. VT is connected to a neurophysin-like
peptide by a Gly-Lys-Arg sequence. The carboxyl-terminal
region of the VT precursor includes a putative glycoprotein
of 36 amino acids (at nucleotide positions 319-426) that is
considerably homologous to the [Arg8]VP glycoprotein and
contains the typical N-glycosylation site Asn-Xaa-Thr at
nucleotides 334-342. This putative glycoprotein is separated
from the neurophysin-like peptide by triple arginine residues
at nucleotides 310-318. The cloned cDNA for the VT
precursor ending at residue -51 does not contain the initia-
tion codon encoding methionine (Fig. 4). Our effort to
characterize the missing 5' nucleotide sequence by using a
primer extension technique (19) was unsuccessful, probably
because of the occurrence of a CtG-rich region. Thus, the
sequence could be deduced for only 17 amino acids of the
signal peptide. The amino acids are hydrophobic and homol-
ogous to the signal sequence of the MT precursor. The
poly(A) tail is preceded by a polyadenylylation signal (AAU-
AAA) at positions 515-520.

Blot-Hybridization Analysis. The analysis of the toad brain
poly(A)+ RNA by RNA transfer blotting with the MT probe
revealed only one band of 650 bases (Fig. 5, lane 1), which is
consistent with the 600-base mRNA sequence shown in Fig.
3. TheRNA blotting analysis ofthe same preparation with the
VT probe showed one band of about 850 bases (Fig. 5, lane
5). This is longer than the poly(A)+ RNA hybridized with the
MT cDNA probe. Assuming a length of 100 nucleotides for
the poly(A) tail, the VT cDNA clone presumably lacks about
100 nucleotides from the 5' end of the mRNA. Poly(A)+
RNAs isolated from the testes, ovaries, and livers of toads
did not hybridize with either the MT or VT probes (Fig. 5:
lanes 2-4, MT; lanes 6-8, VT). This fact suggests that the
mRNAs for MT and VT precursors are not transcribed in
these tissues, although the possibility that the contents ofMT
and VT mRNAs are too low to be detected by the present
method cannot be excluded.

DISCUSSION
In this report, we have described the cloning and character-
ization ofthe cDNAs for the mRNAs encoding the precursors
of toad neurohypophysial hormones. The primary structures
ofMT and VT precursors were deduced from their nucleotide
sequences. Our results show that these precursors consist of

the signal peptides, hormones followed by Gly-Lys-Arg, and
cysteine-rich polypeptides of about 90 amino acid residues
that are highly homologous to the OT- and [Arg8]VP-specific
neurophysins (5, 6, 8). The cysteine residues in the molecules
of the neurophysins seem to be important for the mainte-
nance of their conformations and functions. The neurophy-
sin-like peptide in the VT precursor is followed by a 36-amino
acid peptide including Asn-Xaa-Thr (20), a N-glycosylation
site with an amino acid sequence analogous to the mamma-
lian [Arg8]VP-unique glycoprotein (3) (Fig. 6). The toad
peptide is somewhat shorter than the mammalian one.
The structural organizations of the MT and VT precursors

are thus highly homologous to those of the OT and [Arg8]VP
precursors, respectively. Neurohypophysial nonapeptide
hormones are classified into OT-like and [Arg8]VP-like prin-
ciples according to their chemical properties and physiolog-
ical activities (3). Every vertebrate species except cyclo-
stomes has at least one OT-like and one [Arg8]VP-like
principle. It is possible that OT-like and [Arg8]VP-like fam-
ilies emerged from a common ancestor molecule by gene

1 2 3 4 5 6 7 8
-Origin
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-141

FIG. 5. RNA transfer-blot analysis for MT (lanes 1-4) and VT
(lanes 5-8). Two micrograms ofthe toad brain poly(A)+ RNAs (lanes
1 and 5) and 5 ,g of poly(A)+ RNAs from the testes (lanes 2 and 6),
ovaries (lanes 3 and 7), and liver (lanes 4 and 8) were electrophoresed
and hybridized as described in the text. 32P-labeled pBR322 plasmid
digested with Taq I was used as a size marker (shown in nucleotides).
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SIGNAL PEPTIDE HORMONE NEUROPHYS IN

T R

CONSERVATIVE REGION
AVP MLAMMLNTTLSACFLSLLALTSA CYFONCPRG GKRATSD-NELRQ CLPCGPGGKGRCFGPSICCADELGCFLGTAEALRCQEENYLPSPC

**** **** ** ** ****** *** * ** * ***** * **** *** *** ** * *** ** ******
VT TAPVPACFLCLLALSSA CYIQNCPRG GKRSYPD-TAVRQ CIPCGPGNRGNCFGPNICCGEDLGCYVGTPETLRCVEETYLPSPC

* ****** ******* * **** * ** ****** * * *******I*** **** ** ***** ** *****
MT MSYTALAVTFFGWLALSSA CYIQNCPIG GKRSVIDFMDVRK CIPCGPRNKGHCFGPNICCGEELGCYFGTTETLRCQEENFLPSPC

* ** * *** ** ******* * *** * * ** * **** ** **** *** **** ** * ******* *****
OT MACPSLACCLLGLLALTSAACY IQNCPLGAGKRAALD-LDMRK CLPCGPGGKGRCFGPSICCADELGCFVGTAEALRCQEENYLPSPC

GLYCOPROTE IN
QSGQKPCG-SGGRCAAAG ICCS DESCVAEPECREGFFRLTR AREQSNATQLDGPARELLLRLVQLAGTQESVDSAKPRVY*
* *** ******* ***** * * * * * ** *** ***** * *

EAGGKPC-SSGGRCAAPGVCCS DDTCVVDSSCLDEDSERRR VTPEQNNTQNDGSASDLLLRLNHMANRQQQSKHQFY*
***** t**** * ** * * * A
ESGRKPCGNNGGNCARSG I CCN HESCTNDPACEQDSVFS*
** **** ** ** **** * **** * **
QSGQKPCG-SGGRCATAG ICCS PDGCRTDPACDPESAFSER*

FIG. 6. Comparison of the amino acid sequences among the toad VT and MT precursors and the rat [Arg8]VP and OT precursors. Gaps
indicated by hyphens are introduced to optimize homology. Identical amino acid residues are indicated by asterisks. The conservative regions
of neurophysins are indicated by the frame. Arrow heads indicate the boundary between the domains constituting the precursors.

duplication about 450 Myr ago and then evolved indepen-
dently (21). Amphibian MT has been supposed to be derived
from bony fish isotocin and to have been replaced by OT in
mammals, while VT was replaced by [Arg8]VP. The present
study strongly supports the hypothesis that VT is the ances-
tor molecule of [Arg8]VP, while MT is that of OT. Compar-
ison of the amino acid sequences of their precursors (Fig. 6)
supports this hypothesis. The homology between VT and
[Arg8]VP signal peptides is higher than that betweenVT andMT
ones, and MT signal peptide is more homologous to that ofOT
than VT. This is also true for the carboxyl termini ofMT and OT
precursors, the homology of which is also higher than that
between VT and MT. The amino-terminal peptides in the
variable regions of toad VT- and avian VT-specific neuro-
physins (22) and those of toad MT- and avian MT-specific
neurophysins (22), respectively, are considerably homologous.
The avian neurophysin amino-terminal peptides, especially of
MT, match well with the mammalian counterparts (22). These
facts further support the above possibility.
The central regions of OT and [Arg8]VP neurophysins

contain conservative amino acid sequences, regardless of the
species from which they were obtained (3). The comparable
regions of MT- (at amino acid positions 23-89) and VT-
specific neurophysins (at positions 22-87) are also highly
homologous (72.7%). The comparable regions of OT- and
AVP-specific neurophysins show much higher homology
(97%) in rats (Fig. 6). The homology of the conservative
regions of neurophysins among MT, VT, and rat OT/[Arg8]-
VP are at nearly the same magnitude when compared by both
nucleotide and amino acid sequences. (Homologous nucleo-
tides: VT vs. MT, 67.7%; VT vs. OT/[Arg8]VP, 67.7%; MT
vs. OT/[Arg8]VP, 70.7%. Homologous amino acids: VT vs.
MT, 72.7%; VT vs. OT/[Arg8]VP, 69.7%; MT vs. OT/
[Arg8]VP, 71.2%.) These values in the magnitudes of homol-
ogy indicate a recent gene conversion encompassing the exon
that encodes the conserved region of the neurophysins within
the OT and [Arg8]VP precursors (7).

Several investigators have proposed the idea that VT is a
common ancestral molecule for both OT-like and [Arg8]VP-
like principles (4) because cyclostomes, the most primitive
living vertebrates, possess only VT. However, immunocyto-
chemical studies have suggested a presence of OT-like and
[Arg8]VP-like peptides in the nervous system of invertebrates
(23). Further studies on the gene structures of these peptides
in other species will elucidate the evolutionary pathway of
neurohypophysial hormones.
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