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Nephrogenic diabetes insipidus (NDI) is most often an X-
linked disorder in which urine is not concentrated due to
renal resistance to arginine vasopressin. We recently identi-
fied four vasopressin type 2 receptor gene mutations in unre-
lated X-linked NDI families, including R143P, AV278,
R202C, and 804insG. All these mutations reduced ligand
binding activity to < 10% of the normal without affecting
mRNA accumulation. To elucidate whether the receptors
are expressed on the cell surface, we analyzed biosynthesis
and localization of tagged or untagged receptors stably ex-
pressed in Chinese hamster ovary (CHO) cells, using two
antibodies directed against distinct termini. Whole-cell and
surface labeling studies revealed that the R202C clone had
both surface-localized (50-55 kD) and intracellular pro-
teins (40 and 75 kD), similar to the wild-type AVPR2 clone,
whereas the R143P and AV278 clones lacked the surface
receptors, despite relatively increased intracellular compo-
nents. The 804insG mutant cell produced no proteins despite
an adequate mRNA level. Immunofluorescence staining con-
firmed that the R202C mutant reaches the cell surface,
whereas the R143P and AV278 mutants are retained within
the cytoplasmic compartment. Thus, R202C, R143P/
AV278, and 804insG result in three distinct phenotypes,
that is, a simple binding impairment at the cell surface,
blocked intracellular transport, and ineffective biosynthesis
or/and accelerated degradation of the receptor, respec-
tively, and therefore are responsible for NDI. This pheno-
typic classification will help understanding of molecular
pathophysiology of this disorder. (J. Clin. Invest. 1995.

Numbering of nucleotide and amino acid for the human AVPR2 used
here corresponds to GenBank entry ZI 1687 and Birnbaumer et al. (7),
respectively.

Address correspondence to Hiroaki Matsubara, M.D., Second De-
partment of Internal Medicine, Kansai Medical University, 10-15 Fumi-
zono, Moriguchi, Osaka 570, Japan. Phone: 6-992-1001; FAX: 6-998-
6178.

Receivedfor publication 31 May 1995 and accepted in revisedform
20 July 1995.

Introduction

Nephrogenic diabetes insipidus (NDI) 'is a rare disorder which
is characterized by failure of renal tubules to reabsorb water
due to renal tubular resistance to arginine vasopressin (AVP)
(1). Infant males present with clinical manifestations based
upon dehydration, unexplained fever, vomiting, and failure to
thrive. Persistent dehydration with hypernatremia may lead to
consequent mental retardation or even death, if diagnosis and
treatment are delayed. Early diagnosis and treatment to ensure
an adequate intake of fluid are essential for these patients. While
most cases follow an X-linked inheritance mode, autosomal
forms of transmission have been described (1).

In an X-linked form of NDI, previous investigations (2-6)
had shown that an arginine vasopressin type 2 receptor
(AVPR2) defect could be the molecular basis for lack of con-
centration of the urine. After cloning of the human AVPR2
cDNA (7, 8), this hypothesis has been directly tested by poly-
merase chain reaction (PCR)-based sequencing of the gene
from NDI patients. More than 60 AVPR2 gene mutations have
been noted in NDI families to date, including missense muta-
tions, small deletion/insertions, tandem duplication, large dele-
tion and nonsense mutations leading to a truncated receptor (9-
20). Biochemical defects such as impaired binding affinity,
capacity, adenylyl cyclase activation, and combination of the
three parameters were found in several mutations, e.g., R137H
and RI 13W (21-23). The fundamental problem of whether or
not the mutant proteins are produced or expressed on the cell
surface was addressed in part by Pan et al. (22), in which a
NDI mutation R181C impairs ligand binding but dose not affect
surface expression when tagged and expressed transiently in
COS cells. However, mechanisms associated with the receptor
transport or biosynthesis have remained to be tested, as a recep-
tor-specific antibody has not been available.

We recently identified four AVPR2 mutations in unrelated
Japanese kindreds with NDI including R143P, AV278, R202C,
and 804insG leading to a carboxyl-terminal deletion. These mu-
tations were distributed in four distinct domains of the receptor,

1. Abbreviations used in this paper: AVP, arginine vasopressin; AVPR2,
arginine vasopressin type 2 receptor; CHO, Chinese hamster ovary;
NDI, nephrogenic diabetes insipidus.
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the 2nd cytoplasmic, 6th transmembrane, 3rd extracellular, and
3rd cytoplasmic domains, respectively ( 15, 24). The latter three
have been detected in other NDI families (16, 18, 19). We
previously expressed these mutations in Chinese hamster ovary
(CHO) cell and analyzed their biochemical properties (24, 25).
A R143P clone showed reduced binding capacity (10% of nor-
mal) but retained normal binding affinity. Moreover, the cells
produced cAMP up to half the normal, suggesting that about
10% of the R143P mutant might have biologically normal func-
tions. On the other hand, CHO cells expressing AV278, R202C,
and 804insG had no binding activity, although these cells did
produce levels ofmRNA similar to the wild-type AVPR2 clone.

Considering that the four mutations greatly reduce or abolish
ligand binding activity, it is speculated that the genetic errors
could affect efficient receptor translation and subsequent trans-
port to the plasma membrane. To test this possibility, we devel-
oped a new receptor-specific antiserum and analyzed localiza-
tion as well as biosynthesis of the mutant receptors stably ex-
pressed in CHO cells. We also used an epitope tagging
technique to facilitate surface localization of the receptors. Use
of this strategy led to the molecular identification of the recep-
tors with molecular masses of 40, 50-55, and 75 kD. The
50-55-kD protein is presumably localized on the cell surface,
whereas the other two masses seem to be the intracellular recep-
tors. We showed here that there is a molecular heterogeneity
of the mutants: (a) binding-defective mutant that is normally
sorted into the plasma membrane but loses ligand binding activ-
ity; (b) transport-defective mutant that is produced but gets
trapped in the intracellular organelle; and (c) biosynthesis-de-
fective mutant that is ineffectively translated into the receptor
protein. The proposed classification of NDI mutations facilitates
understanding of the molecular pathophysiology of NDI and
pertinent therapeutic strategies can be developed.

Methods

Stable expression of tagged AVPR2 mutants. Four AVPR2 mutations
were identified in unrelated Japanese families with X-linked NDI (15,
24) (Fig. 1). Cloning of a human AVPR2 cDNA and mutagenesis of
the four AVPR2 mutants were described elsewhere (24, 25). The wild-
type and mutant AVPR2 constructs were transfected into Chinese ham-
ster ovary (CHO) cells and the biochemical properties of stable trans-
formants were analyzed (24, 25) (Table I). To facilitate the surface
localization, the epitope sequence GYPYDVPDYA, derived from the
influenza hemagglutinin protein (26, 27), was inserted between the first
methionine and leucine residues in the NH2-terminal region of either
wild-type and mutant AVPR2s, using polymerase chain reaction (Fig.
2). The tagged AVPR2 cDNA constructs were subcloned into the eu-
karyotic expression vector pMT3DSV2 and cotransfected with pSV2neo
into dihydrofolate reductase deficient CHO cells by the calcium phos-
phate method (28-30). After selection in a-minimum essential medium
without deoxyribonucleosides supplemented with 10% dialyzed fetal
bovine serum containing the antibiotic G418 (400 Hg/ml, GIBCO BRL,
Gaithersburg, MD), the resistant clones were picked up and subjected
to stepwise amplification with Methotrexate (50-200 nM; Sigma Chem-
ical Co., St. Louis, MO). The expression levels of AVPR2 were
screened by mRNA detection.

Northern blotting. Total RNA prepared from CHO cells (20 dig)
was electrophoresed on a 1.0% agarose in the presence of 20 mM
MOPS/5 mM sodium acetate/i mM EDTA buffer (pH 7.0) and 7.4%
formaldehyde. The RNA was transferred overnight by capillary action
using lOx SSC to nylon membrane (Pall, Glen Cove, NY) and then
baked at 80°C for 2 h. The membrane was hybridized overnight at 42°C
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Figure 1. Locations and biochemical functions of the AVPR2 mutations.
The seven putative transmembrane structures of the AVPR2 are depicted
on the basis of previously reported cDNA sequence (7). The amino
terminus is predicted to face the extracellular space and contains a
potential N-linked glycosylation site at Asn.22 Two possible palmitoyl
anchoring sites at Cys341'342 in the 4th cytoplasmic domain are also
illustrated. Locations of the four mutations including R143P, AV278,
R202C, 804insG are shown. The AV278 mutation causes a single amino
acid deletion of a valine residue at either position of 278 or 279. A
single G insertion, 804insG, at nucleotide 804-809 (codon 245-246)
lies in the 3rd cytoplasmic domain. This mutation causes a frame shift
changing amino acid sequences from codon 247 to 257 (dashed circles),
eventually incorporating a stop codon at amino acid position 258. The
lower part of the figure highlights missense sequences generated by the
mutation (11 amino acids indicated by asterisks). Nucleotide and amino
acids are numbered in accordance with GenBank entry ZI 1687 and
Birnbaumer et al. (7), respectively.

in a 40% formamide solution containing 32P-labeled probe of a 0.9-kb
(nucleotide 91-977) human AVPR2 cDNA (1 X 106 cpm/ml). Blots
were washed twice in 2x SSC/0.1% SDS at room temperature for 15
min and twice in 0.2X SSC/0.1% SDS at 50°C for 15 min. After
stripping, the blots were reprobed with fi-actin cDNA, as previously
reported (31) .

Generation of a receptor-specific antiserum. A synthetic peptide
corresponding to the carboxyl-terminal 15-amino acid residues of
AVPR2 (SCTTASSSLAKDTSS, amino acid 357-371) was coupled to
thyroglobulin with N-(m-Maleimidobenzoyloxy) succinimide. Antisera
were procured after subcutaneous injection of the preparation into a
New Zealand White rabbit (32).

Cell labeling. For biosynthetic labeling, cells grown in a 60-mm
dish were washed twice with methionine and cysteine-free Dulbecco's
modified Eagle's medium (DME, GIBCO BRL). The cells were then
incubated with the Met/Cys deficient DME containing 0.5 mCi/dish of
[35S]Met/Cys mixture (DuPont New England Nuclear, Boston, MA)
at 37°C for 30 min. For surface labeling, cells (2-3 x 10') were washed
and collected in phosphate-buffered saline containing 0.02% EDTA.
The cells were iodinated with Iodobeads (Pierce, Rockford, IL) and 0.5
mCi of Na125I (DuPont New England Nuclear) in 500 sl of 10 mM
phosphate buffer (pH 7.2), according to the manufacturer's protocol.

Immunoprecipitation. Cells were solubilized for 30 min at 4°C in
buffer of 50 mM Tris-HCl pH 8.0, 150 mM NaCl, 1 mM EDTA,
1% Triton X-100, 0.1% SDS containing 0.1 mM phenylmethylsulfonyl
fluoride, 100 sg/ml bacitracin, 10 U/ml aprotinin, and 5 ,ig/ml leupep-
tin. After removal of insoluble material by centrifugation, the lysates
were precleared at 4°C for 30 min and then immunoprecipitated with
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Table L Four AVPR2 Mutations in X-linked NDI Families

Binding property'

B.,,,, Kd cAMP accumulationl1
Mutation Type Nucleotide* change Location' (fmollmg) (nM) (pmollreceptor X 10-8)

R143P Missense G - C at 499 C II 232±46 1.7±0.4 3.2±0.5
AV278 Amino acid deletion Deletion 3bp (903-908) TM VI
R202C Missense C - T at 675 E III - ND
804insG Frame shift - premature termination Insertion of G (804-809) C III ND

* Nucleotide is numbered according to the sequence numbering of GenBank entry Zi 1687. * Extracellular (E), cytoplasmic (C), and transmembrane
(TM) domains are assigned by the proposed topology of the AVPR2 (7). § Data are indicated by mean±SE (n = 3). Details of binding assay were
described previously (24, 25). Bm. and Kd values of the wild-type AVPR2 expressing CHO cell are 1890±110 fmollmg and 1.6±0.5 nM (n = 4),
respectively. -, undetectable. 11 Data are indicated by mean±SE (n = 12). Details of cAMP assay were described previously (25). Accumulation
of cAMP in the wild-type AVPR2 expressing CHO cell is 6.7±0.9 pmol/receptor x 10-8 (n = 16). -, undetectable; ND, not determined.
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Figure 2. Construction of a vector for stable expression of tagged
AVPR2 and recognition sites of the antibodies. (A) The epitope se-
quence GYPYDVPDYA (shown by asterisks) is introduced between
the first methionine and leucine residues in the NH2 terminus of the
receptor. Open box indicates the coding region of the AVPR2 gene.
The tagged AVPR2 cDNA constructs were subcloned into the
pMT3DSV2 vector in counterclockwise direction at the EcoRV site
with blunt-end ligation. This vector is used for stable expression in
dihydrofolate reductase deficient CHO cells and contains the mouse
dihydrofolate reductase (DHFR) gene under transcriptional regulation
of the adenovirus major late promoter (AdMLP) and SV40 enhancer
(28, 29). (B) The 12CA5 monoclonal antibody and rabbit polyclonal
antiserum are directed against the 12CA5 epitope (dot circle) in the N-
terminus and 15 amino acids in the carboxyl tail of the receptor (closed
circle), respectively.

either 5 ptg/ml of 12CA5 monoclonal antibody (Boehringer Mannheim,
Indianapolis, IN) or 3 pd of rabbit polyclonal antiserum raised against
the carboxyl-terminal portion of AVPR2. After a 1 h incubation at room
temperature, the immunoprecipitates were sedimented with a 10% slurry
of protein A-sepharose (Sigma Chemical Co., St. Louis, MO) and
washed three times with high salt buffer (50 mM Tris-HCl pH 8.0, 0.5
M NaCl, 1 mM EDTA, 0.1% SDS, 0.5% Triton X-100) and low salt
buffer (50 mM Tris-HCl pH 7.4, 1 mM EDTA, 0.1% SDS, 0.5% Triton
X-100). The samples were dissociated by heating for 2 min in 1
X Laemmli's sample buffer and analyzed by 10% SDS-polyacrylamide
electrophoresis.

Immunofluorescence. Immunocytochemical studies were done ac-
cording to Masaki et al. (33). Briefly, CHO cells expressing wild-type
and four mutants of the NH2-terminal tagged AVPR2s were grown
on glass coverslips and fixed at room temperature for 20 min in 4%
paraformaldehyde in phosphate-buffered saline (PBS). For permeabili-
zation, cells were treated with PBS containing 0.1% Triton X-100. After
incubation in a blocking buffer containing 2% fetal calf serum in PBS,
specimens were incubated at 37°C for 40 min with the 12CA5 mono-
clonal antibody diluted by the blocking buffer to 5 Ag/ml. Bound anti-
body was stained with a secondary antibody of goat antimouse rhoda-
mine conjugate (Protos Immunoresearch, San Francisco, CA) at 1/ 100
dilution. The coverslips were examined and photographed under a fluo-
rescent microscope BH-2 (Olympus Corp., Tokyo, Japan).

Results

Detection of tagged AVPR2 by immunoprecipitation. We first
examined biosynthesis and localization of epitope-tagged
AVPR2 in CHO cells. Preliminary studies showed that introduc-
tion of the 12CA5 epitope into the amino terminal region of
AVPR2 did not perturb ligand binding property of the receptor
with Kd = 1.3±0.4 nM and Bnax = 2100±340 fmol/mg
(mean±+SE, n = 3), compared with that of the native receptor
(24, 25). We cloned several colonies of CHO cells expressing
epitope-tagged either wild-type or mutant AVPR2s (R143P,
AV278, R202C, and 804insG) and screened receptor mRNA
accumulation by Northern blotting. As shown in Fig. 3, tagged
wild-type and mutant receptor expressing cells produced almost
equivalent levels of AVPR2 mRNA.

We chose these stable transformants for further analysis
regarding the biosynthesis of receptor protein. The biosythetic
labeling study on tagged wild-type AVPR2 expressing CHO
cells followed by immunoprecipitation with 12CA5 antibody
showed that the clone produced two bands at 40 and 75 kD
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Figure 3. Northern blot
analysis of receptor

X mRNA in CHO cells.
<g l'By ~sc¢>i Xc Total RNA (20Lg) iso-
<v Fl' o? lated from CHO cells ex-

AVPR2 pressing tagged AVPR2
mRNA -18S was electrophoresed on

1.0% agarose gel and
transferred to a nylon
membrane. The blots
were hybridized with a13-actin 18S [32p ]dCTP-labeled 0.9-

mRNA kb receptor cDNA probe
(upper panel), indicating that the wild-type and four mutant AVPR2
cell lines produced comparable amounts of receptor mRNA. The same
blot was then stripped and rehybridized with a /3-actin probe (lower
panel) to confirm that equal amounts of mRNA had been loaded onto
each lane.

(Fig. 4). Molecular weight of the 40-kD band was consistent
with that calculated for the protein core of the cloned AVPR2
(Mr 40,285) (7), whereas the 75-kD mass presumably reflected
the different degrees of glycosylation. These bands were absent
in untransfected control CHO cells and were completely ab-
sorbed by a competitive assay in the presence of 100 ,IM 12CAS
peptide, indicating that the two molecular masses are specifi-
cally recognized by the 12CA5 monoclonal antibody. Molecular
weights of the receptors were fairly consistent with those of
reported by Pan et al. (22), in which tagged AVPR2s transiently
expressed in COS cells were visualized as broad bands right
below 43 or 69 kD. Three mutant cell lines (R143P, AV278,
and R202C) had the two bands similar to those of the wild-
type receptor clone. The relative low density of the receptor
proteins for the R202C mutant may be due to a slightly lower
level of the receptor mRNA accumulation in the R202C mutant
cell (Fig. 3). On the other hand, the 804insG cell line showed
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Figure 4. Immunopre-
cipitation of biosyn-
thetic-labeled CHO cells
expressing tagged
AVPR2. CHO cells ex-
pressing tagged either
wild-type or mutant
(R143P, AV278,
R202C, and 804insG)
AVPR2s grown in a 60-
mm dish were metaboli-
cally labeled with 0.5
mCi per dish of [35S]_
Met/Cys mixture at 370C
for 30 min. After lysis,
equivalent amounts of
the labeled receptors ( 1-

E _W2x107 cpm) were im-
30--s- p _ 1munoprecipitated with

the 12CA5 antibody di-
rected against the engineered epitope-tag at the NH2 terminus of the
receptor. Control (untransfected) CHO cells were also examined in a
similar condition. For the peptide blocking experiment, labeled wild-
type receptors were immunoprecipitated in the presence of 100 gM
12CA5 peptide. The samples were analyzed by a 10% SDS-PAGE and
fluorography.
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Figure 5. Detection of surface receptors in CHO cells expressing tagged
AVPR2. Surface proteins of CHO cells expressing tagged either wild-
type or mutant (R143P, AV278, R202C, and 804insG) AVPR2s were
labeled with 0.5 mCi Na'25I. After lysis, the iodinated cell surface
proteins (1-2 x 107 cpm) were immunoprecipitated with the 12CA5
antibody. Control (untransfected) CHO cells were also examined in a
similar condition. For the competition assay, labeled wild-type receptors
were immunoprecipitated in the presence of 100 /tM 12CA5 peptide.
The samples were analyzed by a 10% SDS-PAGE.

no detectable bands, although the clone did produce levels of
receptor mRNA comparable to those for the wild-type receptor
cell line (Fig. 3).

Cell surface iodination of the tagged wild-type AVPR2
clone revealed 50-55-kD band (Fig. 5), which was undetect-
able in the metabolic labeling experiments with the same anti-
body. The 50-55-kD protein was absent in untransfected con-
trol CHO cells and was completely absorbed by a competitive
assay in the presence of 100 MM 12CA5 peptide, indicating that
the molecular mass is specifically recognized by the 12CA5
monoclonal antibody. This putative cell surface receptor protein
was found in the R202C clone but not in the R143P, AV278,
and 804insG mutant cell lines, suggesting that latter three mu-
tants are absent on the cell surface. At least two other clonal cell
lines of the respective mutations gave similar results, thereby
excluding the possibility that differences were caused by a
clonal variation.

Detection of untagged AVPR2 by immunoprecipitation with
polyclonal antiserum. To characterize the AVPR2 mutants in
greater detail, we examined the localization and biosynthesis,
using untagged AVPR2 mutant expressing CHO cells and poly-
clonal antiserum directed toward the carboxyl-terminal portion
of the receptor. These cell lines, expressing levels of mRNA
similar to the wild-type AVPR2 clone, were previously estab-
lished and analyzed in terms of biochemical properties (24, 25)
(Table I). Use of the polyclonal antiserum has some advantage
in that the antibodies may provide more versatile reactivity than
a monoclonal antibody, thereby improving sensitivity of the
immunodetection. Moreover, this approach can eliminate arti-
facts that may be caused by engineering an epitope-tag of the
receptor. Biosynthetic labeling followed by immunoprecipita-
tion with the polyclonal antiserum showed that the untagged
wild-type AVPR2 cell produced three bands of 40, 50-55, and
75 kD (Fig. 6). The three bands were not found in untransfected
CHO cells and were inhibited by a competitive assay in the
presence of 100 ILM of the peptide immunogen, indicating spe-
cific recognition by the antiserum. The molecular weights of
the upper and lower bands were compatible with those detected
by immunoprecipitation of biosynthetic-labeled tagged AVPR2
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Figure 6. Immunopre-
+'q Ad cipitation of biosynthetic
Y 09 t labeled CHO cells ex-

f E pressing untagged
4SAAd ' AVPR2 with a receptor

specific antiserum. CHO
cells expressing un-
tagged either wild-type

MW or mutant (R143P,
(kDa) AV278, R202C, and
97_ 804insG) AVPR2s

grown in a 60-mm dish
66-- were metabolically la-

beled with 0.5 mCi per
dish of [35S]Met/Cys

42-- _mixture at 370C for 30
min. After solubilization,

30---m
the labeled receptors ( 1-
2 x 107 cpm) were im-
munoprecipitated with

rabbit polyclonal antibody raised against the carboxyl-terminal portion
of AVPR2. Control (untransfected) CHO cells were also examined in
a similar condition. For the peptide blocking experiment, labeled wild-
type receptors were immunoprecipitated in the presence of 100 AM
peptide immunogen. The samples were analyzed by a 10% SDS-PAGE
and fluorography.

clones with monoclonal 12CA5 antibody. The size of the middle
band corresponded to that detected by immunoprecipitation of
the iodinated cell-surface protein with 12CA5 antibody, sug-
gesting that this band represents surface-localized receptors.
However, cell-surface labeling experiments with the polyclonal
antiserum revealed no receptor (data not shown). The failure
to detect surface proteins probably resulted from the fact that
untagged AVPR2 contains only one exofacial tyrosine residue
that is a prerequisite for iodination, in contrast to three more
tyrosine residues engineered in tagged receptor. One of the
AVPR2 mutants, a R202C cell line, showed evidence of species
similar to the wild-type AVPR2 expressing cell. On the other
hand, R143P and /V278 cell lines displayed more pronounced
bands at the 40 and 75 kD but lacked the 50-55-kD protein,
and 804insG clone exhibited no detectable bands.

Immunofluorescence localization of tagged AVPR2 in CHO
cells. We next tried to examine immunocytochemical localiza-
tion of the AVPR2 mutants to ask if the mutants are expressed
on the cell surface. For this purpose, we chose tagged AVPR2
expressing CHO cells, because the monoclonal antibody pro-
vided a more specific staining than did the polyclonal antiserum.
We first stained nonpermeabilized cells with the 12CA5 anti-
body directed against exofacial epitope-tag in the NH2 terminus
of the receptor. Untransfected control cells were not detectably
stained by the antibody (data not shown). As shown in Fig. 7
A, apparent surface fluorescence was visualized in tagged wild-
type and R202C mutant clones. In contrast, R143P and AV278
cell lines lacked the surface signal. Under conditions of permea-
bilization, both wild-type and mutant (R143P, AV278, and
R202C) cells showed considerable fluorescence in the perinu-
clear region (Fig. 7 B). Because of the bright staining, we could
not determine if the protein accumulated only in the endoplas-
mic reticulum or was distributed simultaneously in the Golgi
complex. However, apparent intracellular staining with the lack
of surface signal for the R143P and AV278 mutant cells sup-

ported the notion that these mutants are indeed retained within
the intracellular compartments, which were compatible with the
findings of the immunoprecipitation experiments (Figs. 4-6).

Discussion

The present study provides evidence that heterogeneous molec-
ular defects of AVPR2 are associated with NDI. We used an
exofacial epitope-tagging technique that facilitates surface lo-
calization of the receptors. The specificity of our analysis was
verified by findings that two antibodies directed against -the
distinct terminal portions of the AVPR2, (i.e., 12CA5 antibody
and polyclonal antiserum recognize amino- and carboxyl-ter-
mini, respectively), detected the same molecular masses. Using
the two antibodies, we identified a molecular mass of the sur-
face-localized receptor which was not found in the Western
blotting experiment with epitope tagging AVPR2 (22). The
molecular size of the surface receptor (50-55 kD) is fairly
compatible with that predicted from chemical cross-linking
studies (60 kD) (34). However, it should be noted that the 50-
55-kD protein was detected in the surface iodination experi-
ments using 12CA5 antibody, whereas the putative surface com-
ponent was not visualized in the biosynthetic labeling study
using the same antibody. On the other hand, the 50-55-kD
species were clearly evident when we immunoprecipitated the
labeled whole-cell proteins with the polyclonal antiserum. One
explanation for this difference is that the surface receptors may
be poorly recognized by the 12CA5 antibody. Considering that
the epitope is engineered near the putative glycosylation site of
the NH2 terminus, it is possible that the bulky complex carbohy-
drate of the 50-55-kD protein structurally hinders the epitope,
thereby preventing the immunorecognition. Nevertheless, this
problem was overcome by analyzing both surface- and biosyn-
thetic-labeled proteins and concomitant use of a receptor-spe-
cific polyclonal antiserum.

We showed that AVPR2 mutations can be classified into at
least three distinct phenotypes. The first type is observed in a
R202C mutant which reaches the cell surface but loses binding
activity. This characteristic was noted in another mutation of a
R181C, similarly creating a new cysteine residue in the third
extracellular domain (22). The results suggest that these muta-
tions do not affect surface expression of the receptor and fail
to achieve a proper conformation to access the ligand at the
plasma membrane. A possible explanation is that a new extra-
cellular cysteine residue might form de novo disulfide bonds,
thereby preventing the protein from folding correctly for ligand
binding (35). The second phenotype is a transport-deficient
mutant, as found in a R143P and AV278 mutants. Radioiodine-
and immunofluorescence labeling of tagged R143P and /V278
mutants indicated their absence on the cell surface. The mutants
accumulated in the intracellular compartment (i.e., 40 and 75
kD) as seen in the biosynthetic labeling study with polyclonal
antiserum. Such an altered intracellular distribution would ac-
count for the impaired ligand binding of the receptors. Although
a ligand binding study with the R143P clone indicated that a
small population (- 10%) of the R143P mutants is transported
to the cell surface, the expression level of surface localized
receptors might be below the sensitivity of immunodetection
and the surface subset not be visualized. Immunofluorescence
staining of permeabilized cells expressing tagged R143P and
AV278 mutants suggested that the mutants are predominantly
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retained within the endoplasmic reticulum, but strong staining
prevented identification of the definite localization of the recep-
tors. The site of blockage in transport may be identified by
immunocytochemical approaches such as double-staining or
electron microscopy, as was done for other naturally occurring
transport-deficient mutants of plasma membrane receptors such
as low density lipoprotein (LDL) receptor or rhodopsin (36-
39). Finally, we found that a truncated form of the 804insG
mutant protein, devoid of one third of the carboxyl terminus,
was not produced. Since the mRNA level of 804insG clone was
comparable to that of the wild-type AVPR2 clone, it is likely

Figure 7. Immunofluorescent staining of CHO cells expressing tagged
AVPR2. (A) Detection of tagged receptors on the cell surface. CHO cells
expressing the epitope-tagged either wild-type or mutant (R143P, zV278,
and R202C) AVPR2s were plated on glass slips and fixed in 4% paraformal-
dehyde. After blocking, fixed cells under nonpermeabilized condition were
incubated with 12CA5 antibody, followed by detection of rhodamine conju-
gated antimouse antibody. (a) CHO cells expressing tagged wild-type
AVPR2, (b) R143P, (c) AV278, (d) R202C. (B) Subcellular distribution
of tagged receptors. After permeabilization with 0.1% Triton X-100, CHO
cells expressing epitope-tagged wild-type receptors were stained with the
same antibodies. The mutant receptor expressing (R143P, AV278, and
R202C) cell lines showed the staining pattern essentially similar to that of
the wild-type receptor expressing cell (data not shown).

that the mutation could interfere with the posttranscriptional
process, thereby leading to ineffective translation and/or rapid
degradation. Although it is unclear why the carboxyl-terminal
deletion leads to such a defect, it is speculated that the carboxyl-
terminal parts of AVPR2 might contain an important signal for
receptor biosynthesis. Further study of deletion mutants remov-
ing the carboxyl tail at various sites would define the region that
is essential for stable and efficient translation of the receptor.

It should be noted that expression studies have been done
by using different expression systems, e.g., COS, CHO, and
murine L cells (21-25). Previous observations showed that
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function properties of the mutants somewhat differ in the tran-
sient and stable forms, suggesting that COS cells may tran-
siently express receptors even beyond physiological levels and
mask natural aspects of the mutants (23, 24). Since the pheno-
type of the R181C mutant transiently expressed in COS cells
(22) fell under the category identical with the R202C mutant
stably expressed in CHO cells, it is highly likely that a new
cysteine incorporation in the third extracellular domain does
not affect receptor transport. In this way, a specific role of the
receptor subdomain in the protein function and expression
should be assessed by analyzing the same or nearby mutations
with different vector-host cell systems. Ideally, natural effects
of the mutations could be obtained from the expression study in
the corresponding collecting duct cells, but there is no available
culture cell system. Further study using gene transfer or
transgenic mice would be useful to confirm the results of the
present experiments. This approach may allow the elucidation
of a new type of the defect that is related to a receptor targeting
to the correct surface of the polarized epithelial cells.

We propose a new phenotypic classification of AVPR2 mu-
tants. Despite the genetic information available for this disorder,
the biological effects have been elucidated in only a limited
number of the AVPR2 mutations. Our strategy for a phenotypic
classification would be used as a powerful tool to address the
fundamental problem of this disease, whether or not the mutant
receptors are on the cell surface. The elucidation of the receptor
localization will much broaden the knowledge of the structural
and function relationship of the receptor. For example, a ligand-
binding defective mutant which was formerly determined by a
biochemical analysis could be further divided into distinct sub-
types of a simple binding-, or intracellular transport-, or biosyn-
thesis-defective mutant. Such information should lead to im-
prove therapy for NDI. A defect due to pure binding problem
as found in a R202C mutation could be overcome by correcting
the signaling pathway, using a newly designed receptor-agonist.
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