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Abstract

To elucidate the molecular mechanism of familial central dia-
betes insipidus (FDI), we sequenced the arginine vasopressin-
neurophysin II (AVP-NPII) gene in 2 patients belonging to a
pedigree that is consistent with an autosomal dominant mode of
inheritance. 10 patients with idiopathic central diabetes insipi-
dus (IDI) and 5 normals were also studied. The AVP-NPII
gene, locating on chromosome 20, consists of three exons that
encode putative signal peptide, AVP, NPII, and glycoprotein.
Using polymerase chain reaction, fragments including the pro-
moter region and all coding regions were amplified from geno-
mic DNAand subjected to direct sequencing. Sequences of 10
patients with IDI were identical with those of normals, while in
2 patients with FDI, a single base substitution was detected in
one of two alleles of the AVP-NPII gene, indicating they were
heterozygotes for this mutation. It was a G -- A transition at
nucleotide position 1859 in the second exon, resulting in a sub-
stitution of Gly for Ser at amino acid position 57 in the NPII
moiety. It was speculated that the mutated AVP-NPII precur-
sor or the mutated NPII molecule, through their conforma-
tional changes, might be responsible for AVP deficiency. (J.
Clin. Invest. 1991. 87:725-728.) Key words: arginine vasopres-
sin-neurophysin II gene * polymerase chain reaction * direct
sequencing - arginine vasopressin - idiopathic central diabetes
insipidus

Introduction

Central diabetes insipidus (CDI)' is a disorder of impaired
water conservation which results from a deficiency of arginine
vasopressin (AVP). According to the causes, CDI can be classi-
fied into three categories, familial, idiopathic, and secondary.
Familial CDI (FDI) is an extremely rare disorder, usually trans-
mitted as an autosomal dominant trait (1, 2), while idiopathic
CDI (IDI) is far more common, comprising - 30%of CDI (3).

The arginine vasopressin-neurophysin II (AVP-NPII) gene
assigned to human chromosome 20 (4) consists of three exons
that are separated by two introns (5). This structural organiza-
tion of the gene is conserved among most vertebrate species (6,
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7). The first exon (exon 1) encodes putative signal peptide,
AVP, and the NH2-terminal region of neurophysin II (NPII);
the second exon (exon 2) accounts for the central region of
NPII; and the third exon (exon 3) gives rise to the COOH-ter-
minal region of NPII and glycoprotein. The three exons are
transcribed to mRNA, which is then translated to form an
AVP-NPII precursor. This precursor undergoes posttransla-
tional processing during its transport to axonal terminals
within neurosecretory vesicles to yield AVP, NPII, and glyco-
protein (8).

The homozygous Brattleboro rat, characterized by an auto-
somal recessive transmission of CDI (9) has been shown to
have a single base deletion in exon 2 of the AVP-NPII gene
(10). The nucleotide deletion causes frame shift and extin-
guishes a stop codon and a glycosylation site, resulting in an
AVP-NPII precursor with an altered COOH-terminal region.
Translation of the poly(A)-tail yields a highly charged polyly-
sine sequence, which is suggested to impair the transport or
processing of the precursor (1 1, 12).

With respect to FDI, it has recently been suggested that
there exists a genetic locus responsible for the disease within or
near the AVP-NPII gene from the results of linkage study per-
formed on two pedigrees (13).

In this study, we sequenced the AVP-NPII gene in two pa-
tients with FDI. Patients with IDI and normal subjects were
also included in this study. Direct sequencing was performed
on the PCR-amplified DNA, and the sequence ranging from
the promoter region to the 3'-untranslated region except for
two introns was determined. Significance of a mutation found
in patients with FDI is discussed.

Methods
Subjects. 2 patients belonging to a pedigree of FDI and 10 patients with
IDI were studied. Patients were diagnosed as CDI based on the clinical
features of excessive polyuria, polydipsia, and thirst, reduced levels of
plasma AVP, and marked responses to exogenous vasopressin. AVP
responses to hypertonic saline infusion were impaired in these patients.
In the pedigree of FDI, 6 members spanning 3 generations were sup-
posed to be affected, judging from symptoms such as polyuria and
polydipsia (Fig. 1). Accordingly, this pedigree was consistent with an
autosomal dominant mode of inheritance which is usually observed in
the reported pedigrees of FDI (1, 2). Basal plasma AVP levels of the 2
patients studied were 0.26 and 0.36 pg/mi (III- I and 111-2, respectively).
The 2 patients and their 2 affected siblings had noticed symptoms in
their childhood or teens. Although it must be a significant value to
study unaffected subjects in this pedigree, specimens were not avail-
able. 10 patients with IDI were subjected to computed tomography
and/or magnetic resonance imaging to preclude secondary diabetes
insipidus. 5 of them were diagnosed when they were under 10 yr of age.
To ascertain the nucleotide sequence of the AVP-NPII gene previously
reported (5), normal subjects of 3 Japanese and 2 Caucasians were also
included in the sequencing analysis. Another 20 unrelated normal Japa-
nese were subjected to the restriction enzyme analysis described below.
Informed consent was obtained from patients and normal individuals.

Primers. On the basis of the genomic sequence of the AVP-NPII
gene (5), nine oligonucleotides shown in Table I were synthesized using
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Figure 1. Pedigree of a
family with FDI.
Affected members are
shown by filled symbols.
Two patients studied
(III-1, III-2) are
indicated by arrows.
Oblique lines represent
deceased members.
Squares and circles
indicate males and
females, respectively.

a DNAsynthesizer (model 39 1A; Applied Biosystems, Inc., Foster
City, CA) and were used as PCRand/or sequencing primers. Nucleo-
tide was numbered according to the previous report (5).

Amplification ofgenomic DNAusing PCR. Genomic DNAwas ex-
tracted from whole blood as described previously (14). Using the
method of Saiki et al. (15) with minor modifications, PCRwas per-
formed in a 50-MI reaction volume containing 1 Mgof purified genomic
DNA, 1.5 mMof each deoxynucleotide triphosphate, 67 mMTris-
HCI, pH 8.8, 6.7 mMMgCl2, 16.6 mMammonium sulfate, 10 mM
2-mercaptoethanol, 10% DMSO, 100 pmol of each PCRprimer, and
2.5 U of Taq DNApolymerase (Perkin-Elmer Cetus Corp., Norwalk,
CT). The reaction was carried out using Perkin-Elmer Cetus Thermal
Cycler (model PJ 1000) with a temperature cycle of 1 min at 94°C, 1
min at 60°C, and 3 min at 72°C. After 40 cycles, the amplified mate-
rials were applied to 3% NuSieve agarose gel electrophoresis (FMC
BioProducts, Rockland, ME) and desired fragments were separated for
sequencing.

Direct sequencing of double-stranded DNA. Double-stranded DNA
template- (0.8 pmol) was alkali-denatured as previously described (16).
Subsequent reactions were performed mainly according to the manu-
facturer's instructions (Sequenase kit; United States Biochemical
Corp., Cleveland, OH), using a-35S-dCTP (Amersham Corp., Arling-
ton Heights, IL) and 7-deaza dGTP (Boehringet Mannheim Inc., In-
dianapolis, IN). The denatured template was annealed with 4 pmol of
sequencing primer, followed by labeling and termination reactions.
The samples were analyzed by electrophore~is on 6%polyacrylamide/8
Murea gel. To obtain accurate sequencing results, both strands were
sequenced using multiple different primers (Table I, Fig. 2). Major
modifications from manufacturer's instructions were inclusion of 10%
DMSOthroughout annealing, labeling, and termination reactions (17),
and a moderately lower temperature at the labeling reaction (16°C).

Digestion of amplified DNAby restriction enzyme. PCR-amplified
fragment isolated from 3% NuSieve agarose was digested with Msp I
(Boehringer Mannheim Inc., Indianapolis, IN) according to the manu-
facturer's instruction and analyzed on 8%polyacrylamide gel. The gel
was stained with ethidium bromide before visualization under ultravio-
let light.
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Figure 2. Schematic representation of the AVP-NPII gene and the
strategy for PCRand direct sequencing. Exon 1, 2, and 3 (open
boxes), and locations of TATA box (TATA), translation initiation
(ATG) and termination (TGA) signals, polyadenylation signal (Poly
A), and primers (listed in Table I) are indicated. Coding regions for
the signal sequence (S), AVP(V), NPII (N), and glycoprotein (G) are
shown. PCR-amplified fragments of 345 and 732 bp used for
sequencing are indicated in the middle of the figure. Solid lines at the
bottom show the range sequenced in this study.

Results

In all 17 subjects, PCR-amplification using primer A and B,
and Cand D resulted in DNAfragments of expected sizes, 345
and 732 bp, respectively (Table I, Fig. 2) (data not shown). The
former included the promoter region, exon 1 and its adjacent
intron 1, the latter exon 2, its adjacent intron 1, intron 2, and
exon 3. Therefore, no major insertions and deletions were im-
plicated in the regions of the AVP-NPII gene described above.

Double-stranded DNAs of 345 and 732 bp were directly
sequenced by use of primerA, B, and E, and primer C, D, F, G,
H, and I, respectively (Table I, Fig. 2). Of the nine primers, five
(primer E, F, G, H, and I) were used as internal nested primers.
As shown in Fig. 2, we sequenced the AVP-NPII gene spanning
bases 140 to 352 (the promoter region, exon 1, and its adjacent
intron 1), 1678 to 1940 (exon 2 and its adjacent introns 1 and
2) and 2056 to 2334 (exon 3 and its adjacent intron 2).

Nucleotide sequences of the signal sequence and the 3'-un-
translated region were identical in all 17 subjects, in which two
normal Caucasians were included, but showed several discor-
dances with those previously described (5) (Fig. 3). Then, the
amino acid residue Pro (CCT) in the signal peptide was
corrected to Leu (CTC).

Sequences of 10 patients with IDI showed no difference
from those of normals, while bands corresponding to both G
and A were visualized at nucleotide position 1859 in 2 patients
(III-1, 111-2) with FDI (Fig. 4). This mutation was a G A
transition in exon 2 and the patients were supposed to be het-
erozygotes.

Table I. Sequences and Locations of Oligonucleotide Primers

Primer Sequence Location

A 5'-TGCCTGAATCACTGCTGACCGCTGGGGACC-3' (nt38 -. 67; 5'flanking)
B 5'-GCTATGGCTGCCCTGAGATGGCCCACAGTG-3' (nt382 - 353; intron 1)
C 5'-TCGCTGCGTTCCCCTCCAACCCCTCGACTC-3' (ntl648 a 1677; intron 1)
D 5'-CCTCTCTCCCCTTCCCTCTTCCCGCCAGAG-3' (nt2379 - 2350; 3'flanking)
E 5'-TGGCGGCCGCGTCTCGCCTCCACGGGAACA-3' (nt107 -. 136; 5'flanking)
F 5'-TGCTTCGGGCCCAGCATCTGCTGCG-3' (nt 1751 1775; exon 2)
G 5'-CGCCCCCCCCCAGGCCCGCCCCCGCCGCGC-3' (ntl951 - 1922; intron 2)
H 5'-CCCAGGCGCCCGTGCTCACACGTCCTCCCG-3' (nt2053 2082; intron 2)
I 5'-TAGGCGTCGGGCTGGGCGGGCTCGA-3' (nt2255 2231; exon 3)

Nucleotide (nt) is numbered according to the previously reported sequence (5). Primers A, C, E, F, and H correspond to the sequences of the
sense strand; primers B, D, G, and I correspond to those of the antisense strand.
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Signal sequence
Lou

A 5'-WTCCTGACACCATGCTGCCCGCCTGCTTCCTCGGCCTACTGCCCTTCTCCTCCCCC-3

Pro
B 5-ICCTGACACCATGCTGCCCGCCTCCTTCCCTCGCCTACTCCCCTTCTCCTCCCCG-3

3'-untranslated region

A 5'-f|CCCCCGCGCTCGCCCCACCGGCGCGCTCTTCGCGCCCCCCCCTGCAGCACGCACATAA 3

B 5'-fGCCCGCGCTGCCCCCACCGCCCTCTTCCGCCCGCCCCTGCAGCACGCGCIATAA-3

Figure 3. Corrected sequences of the signal sequence and the 3'-
untranslated region. Differences between sequences determined in
this study (A) and those of a previous report (5) (B) are underlined.
Translation initiation (ATG) and termination (TGA) signals, and
polyadenylation signal (AATAAA) are indicated (open boxes). The
amino acid residue Pro (CCT) in the signal peptide is corrected to
Leu (CTC).

According to the mutation, a restriction site of Msp I was

expected to disappear (CCGG-. CCAG) (Fig. 4). To rule out

sequencing artifacts, the PCR-amplified fragment of 304 bp,
including the mutation site, was subjected to the restriction
enzyme analysis. As illustrated in Fig. 5 A, it was anticipated
that the digest of PCRproduct from the normal allele should be
four fragments (123, 93, 56, and 32 bp), whereas that from the
mutant allele, three (216, 56, and 32 bp). Namely, the abolish-
ment of Msp I site in the mutant allele was expected to yield a

216-bp fragment, instead of 123- and 93-bp fragments gener-

ated from the normal allele. On the electrophoretic analysis,
bands of 216, 123, and 93 bp were detected in the patients
(III-1, III-2), indicating that they had both of the mutant and
normal alleles (Fig. 5 B). Accordingly, it was confirmed that the
patients were heterozygotes for this mutation. The heterozygo-
sity was compatible with an autosomal dominant hereditary
pattern in the pedigree.

The same restriction enzyme analysis was also performed
on 20 unrelated normal Japanese, and none of them had the
216-bp fragment specific for the mutant allele (data not
shown). In addition, 10 patients with IDI and 5 normals se-

quenced in this study did not carry the mutation found in
patients with FDT. Thus, we examined 70 alleles other than
those of patients with FDI and no allele was found to have the
mutation.
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Figure 4. Direct sequencing of PCR-amplified DNA. In a patient
(III-1), a band corresponding to A other than G is observed at
nucleotide position 1859 (arrow), indicating the patient is a

heterozygote for the mutation. This mutation is expected to alter Gly
(GGC) to Ser (AGC) at amino acid position 57 in the NPII moiety.
The tetranucleotide sequence (CCGG) recognized by Msp I is shown
(broken line).
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Figure 5. Restriction enzyme digestion of PCR-amplified DNA. (A)
Restriction sites of Msp I in PCR-amplified 304-bp fragment
including the mutation site are indicated (M). One of those found in
the normal allele is abolished in the mutant allele according to the
nucleotide substitution (CCGG-- CCAG) (*). As a result, the mutant

allele is expected to yield a 216-bp fragment, instead of 123- and
93-bp fragments generated from the normal allele. (B) Undigested (a)
and digested (b) materials are applied to 8%polyacrylamide gel. A
216-bp fragment specific for the mutant allele is detected in two

patients (III-I and III-2, lanes 1 and 2, respectively) with FDI in
addition to 123- and 93-bp fragments found in a normal subject (lane
3), indicating the patients are heterozygotes for the mutation.

Discussion

A single base substitution was detected on one of two alleles of
the AVP-NPII gene in two patients in a pedigree with FD1.
Therefore, they were judged as heterozygotes for this mutation.
It was a G - A transition at nucleotide position 1859 in exon

2, predicting a substitution of Gly (GGC) for polar Ser (AGC)
at amino acid position 57 in the NPII moiety. This mutation
was expected to abolish Msp I site in the AVP-NPII gene. Al-
though a segregation of the mutation in the pedigree could not
be studied, the possibility of the mutation due to polymor-
phism was very small. Therefore, it was speculated that the
mutation might be responsible for AVP deficiency in these
patients with FDI. To our knowledge, this is the first report
demonstrating a mutation in the AVP-NPII gene as a possible
cause for human FDI. It will be interesting to examine whether
the same mutation is also detected in other pedigrees with FDI.
Although the restriction enzyme analysis of the AVP-NPII
gene was recently reported in Caucasian pedigrees with FDI,
unfortunately, Msp I was not included in the study (13).

The NPII molecule consists of internally duplicated regions
(NH2 domain, residues 12-31; COOHdomain, 60-77) that are

separated by the evolutionally conserved nonduplicated region
(18). NPII binds AVP and self associates to form the dimer
complex and the dimerization of NPIIs leads to their increased
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binding affinity with AVP (19-21). Although regions of NPII
participating in self association are still unknown, Tyr-49 and
Arg-8 in NPII are reported to be involved in AVP-binding (22-
24). Also, the disulfide bond, Cys- 10 to Cys-54, encompassing
the NH2 domain is supposed to be critical for AVP-binding
(25). As Gly-57 is a conserved amino acid among most verte-
brate species (18), its substitution could influence AVP-bind-
ing and/or self association indirectly through a conformational
change of the NPII molecule. Indeed, computer-assisted pre-
diction of the secondary structure by the method of Robson et
al. (26) indicated the possibility of a conformational change in
the NPII molecule due to the substitution of Gly-57 for Ser.
Consequently, supposed functions of NPII such as protecting
AVP from proteolytic degradation and assisting AVP in its
axonal transport (27) might be impaired. As the patients are
heterozygotes for the mutation, the normal NPII molecule also
expected to be generated in their hypothalamus. AVP-binding
affinity of the normal NPII molecule, however, could be al-
tered as a result of a heterodimer formation with the mutated
NPII. Wehave focused on the mutated NPII molecule, but the
mutated AVP-NPII precursor might also participate in develop-
ing diabetes insipidus. As a consequence of a conformational
change, the transport or posttranslational processing of the mu-
tated AVP-NPII precursor might be interfered. To elucidate
precise mechanisms how the mutation found in the NPII
moiety is responsible for AVP deficiency, further studies in-
cluding in vitro expression of constructs having the substitu-
tion in cultured cells will be required, which will also contrib-
ute to our understanding of NPII.

In this study, we have encountered some difficulties in
PCR-amplification and direct sequencing, because the AVP-
NPII gene is extremely G+ C rich (5). It manifests in the latter
half of the gene including exon 2, intron 2, and exon 3 which
are composed of 74, 84, and 75% of G+ Cs, respectively. We
have overcome the difficulties by inclusion of DMSOduring
PCRand sequencing reaction, whose effect is presumably due
to the prevention of the secondary structure formation. The
reason why the previously reported sequence of the 3'-untrans-
lated region differed from that determined in this study is sup-
posed to be 83% of G+ Cs in this region.

The etiology of IDI is still unknown, although autoimmu-
nity was supposed to be a candidate in some cases (28). As IDI
might possibly be caused by some genetic defects, sequencing
analysis of the AVP-NPII gene was performed on 10 patients of
which 5 were juvenile onset. However, no difference was found
compared with normal subjects. To elucidate the molecular
basis of IDI, flanking regions of the AVP-NPII gene and factors
influencing its expression must be analyzed.
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