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lum and no redistribution was observed after forskolin stim-
ulation. Of note, homology modeling revealed that the two 
mutations involve two highly conserved residues providing 
important clues about the role of the wt residues in AQP2 
stability and function.  Copyright © 2007 S. Karger AG, Basel 

 Introduction 

 Nephrogenic diabetes insipidus (NDI) is an inherited 
disease characterized by the failure of the kidney to con-
centrate urine in response to arginine vasopressin, be-
cause of a receptor or postreceptor defect. It is character-
ized by polyuria, polydipsia, fever, constipation, and acute 
hypernatremic dehydration after birth that may have 
neurological consequences. In most cases, the disease is 
X linked due to a mutation in the gene located on Xq28 
coding for the V2 receptor of vasopressin (V2R)  [1, 2] . 
The incidence of V2R NDI is 8.8 per million male births 
in Quebec  [3] . Only males are symptomatic among pa-
tients with X-linked inheritance, while carrier females 
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 Abstract 
 Here, we report the aquaporin 2 (AQP2) mutational analysis 
of a patient with nephrogenic diabetes insipidus heterozy-
gote due to two novel missense mutations. Direct sequenc-
ing of DNA in the male patient revealed that he was com-
pound heterozygote for two mutations in the  AQP2  gene: a 
thymine-to-adenine transversion at position 450 (c.450T 1 A) 
in exon 2 and a guanine-to-thymine at nucleotide position 
643 (c.643G 1 T) in exon 4. The double heterozygous 450T 1 A 
and 643G 1 T transversion causes the amino acid substitution 
D150E and G215C. Direct sequencing of exons 2 and 4 of the 
AQP2 gene from each of the parents revealed that the 
c.450T 1 A mutation was inherited from the father while the 
c.643G 1 T mutation was inherited from the mother. Analysis 
of AQP2 excretion demonstrated that no AQP2 was detect-
able in the urine of the proband, whereas normal AQP2 levels 
were measured in both parents. When expressed in renal 
cells, both proteins were retarded in the endoplasmic reticu-
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sometimes present with mild NDI symptoms due to vari-
able inactivation of the mutated gene. Most of the re-
maining forms of hereditary NDI are caused by muta-
tions of the  aquaporin 2  (AQP2) gene on chromosome 12 
coding for the vasopressin-sensitive AQP2 water channel 
 [4, 5] . 

 In response to vasopressin, AQP2 is redistributed from 
intracellular storage vesicles to the apical membrane of 
collecting duct principal cells through activation of a 
cAMP signaling cascade  [6, 7] . Protein kinase A-medi-
ated phosphorylation of AQP2 is essential in regulating 
the exocytosis of AQP2-containing vesicles, which ren-
ders the cells water permeable and allows water reabsorp-
tion driven by the corticomedullary osmotic gradient. 
This then leads to the formation of concentrated urine. 
Both recessive and dominant inheritance patterns of NDI 
have been reported. Recessive NDI can be caused by ho-
mozygosity for mutations in the AQP2 gene. These muta-
tions cause misfolding and consequential retention of 
AQP2 in the endoplasmic reticulum (ER)  [4, 8–11] . 

 In dominant NDI, AQP2 protein can either be retained 
in the Golgi network or sorted aberrantly to late endo-
somes/lysosomes or the basolateral membrane  [12–17] . 
These mutants can form heterotetramers with wild-type 
AQP2 protein but cannot translocate to the membrane in 
response to vasopressin. Identification of new AQP2 mu-
tations can help provide insight into critical regions in the 
AQP2 protein, suggesting a pharmacological strategy for 
correcting the sorting defect  [18–20] . 

 In this study, we report a case of a human compound 
heterozygote for two previously unreported missense 
mutations in the  AQP2  gene encoding the AQP2-D150E 
and AQP2-G215C mutant proteins. To investigate wheth-
er either the AQP2-D150E or the AQP2-G215C protein 
can cause NDI in this patient, both proteins were sepa-
rately expressed in polarized collecting duct epithelial 
cells and analyzed for their intracellular expression and 
routing in response to cAMP-elevating agents. 

 Materials and Methods 

 Analysis of the Patient with NDI 
 Blood and urine samples were collected from the patient and 

his parents in order to measure their osmolality; sodium concen-
trations were measured by standard procedures. Genomic DNA 
was obtained from the peripheral blood of the patient and his 
family by standard methods. PCR amplification of the AQP2 gene 
was performed with primers described by Deen et al.  [4, 21] . The 
amplified products were isolated by electrophoresis on a 1.5% 
agarose gel and then purified using the QIAamp purification kit 

(Qiagen), and the nucleotide sequence was determined by direct 
sequencing using an ABI 310 automatic sequencer according to 
the manufacturer’s instructions (Applied Biosystem, Foster City, 
Calif., USA). 

 Constructs 
 The constructs encoding HA-pCDNA-AQP2-D150E and

HA-pCDNA-AQP2-G215C were made by introducing the muta-
tions into HA-pCDNA-AQP2 with the  Pfu  DNA polymerase 
(Promega, Madison, Wisc., USA) using the following primers: 
APQ2_450T 1 A_F: cgcctccaccgaagagcgccgcggag; APQ2_450T 1
 A_R: ctccgcggcgctcttcggtggaggcg; APQ2_643G 1 T_F: gcgccatc-
ctgtgctccctcctctac; APQ2_643G 1 T_R: gtagaggagggagcacaggatg-
gcgc. 

 PCR was performed on 50  � l (denaturation at 95   °   C for 30 s, 
annealing at 60   °   C for 45 s, and extension at 70   °   C for 7 min for 15 
cycles). The PCR product was digested with 10 units of Dpn1, to 
degrade the methylated (parental) DNA. The digested and puri-
fied DNA was used to transform  Escherichia coli  bacterial cells. 
The accuracy of the mutated constructs was confirmed   by DNA 
sequencing. 

 Analysis of Mutated AQP2 Proteins 
 The alignment of mutated proteins among various species was 

performed using ClustalW, a general-purpose multiple-sequence 
alignment program for DNA or proteins. It produces biologically 
meaningful multiple sequence alignments of divergent sequenc-
es. It calculates the best match for the selected sequences, and 
lines them up so that the identities, similarities and differences 
can be seen (http://www.ebi.ac.uk/clustalw/). The analysis of 
consensus regions for secondary modifications was performed 
using PROSITE, a database of protein families and domains 
(http://www.expasy.org/prosite/). 

 Analysis of AQP2 Excretion 
 An aliquot urine sample from the patient and his parents was 

used for AQP2 excretion analysis by the enzyme-linked immuno-
sorbent assay (ELISA) method. To this end, urine samples were 
spun down at 3,000 rpm for 10 min at 4   °   C to remove cellular de-
bris in the presence of the following protease inhibitors: 2 m M  
phenylmethylsulphonyl fluoride, 1  � g/ml leupeptin, 1  � g/ml 
pepstatin. AQP2 excretion was measured, as previously described, 
by ELISA  [22] . Five or 10  � l of urine sample were diluted to 50  � l 
in PBS containing 0.01% SDS, placed in a MaxiSorp 96-well mi-
croplate (Nunc, Rochester, N.Y., USA) and incubated for 16 h at 
4   °   C. In parallel wells, increasing concentrations (50, 100, 200, 
300, 400, 500, 1,000 pg/50  � l) of a synthetic peptide reproducing 
the last 15 amino acids of the C-terminal region of the human 
AQP2 were incubated as internal standard. Each sample was ana-
lyzed in triplicate. Wells were washed with washing buffer (PBS-
0.1% Tween 20) and incubated with a PBS blocking solution con-
taining 3% BSA at room temperature for 1 h. Ten micrograms of 
affinity purified anti-AQP2 antibodies was diluted in blocking 
solution (final antibody dilution 1:   1,000) and 50  � l of solution 
were then added to each well and incubated for 3 h at 37   °   C. The 
wells were then washed with washing buffer, and antirabbit IgG 
conjugated with horseradish peroxidase (1:   5,000; Sigma) was 
added to each well and incubated for 1 h at 37   °   C. After five wash-
ings with washing buffer, 50  � l of the substrate solution [2, 2 � -
azino-bis(3-ethylbenzthiazoline-6-sulfonic acid); Sigma] were 
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added to each well and incubated for 30 min in the dark. Absor-
bance was measured with a microplate reader (BioRad, model 
550) at 405 nm. 

 Cell Culture and Transfections 
 Mouse cortical collecting duct M-1 cells  [23] , originating from 

mice transgenic for the early region of simian virus 40, were pur-
chased from the European Collection of Cell Culture, cultured in 
DMEM/F12 1:   1 supplemented with 2 m M  glutamine, 5  �  M  dexa-
methasone, 5% fetal calf serum until they were about 95% conflu-
ent and then transfected with a plasmid encoding wild-type hu-
man AQP2. Lipofectamine 2000 (Life Technologies, San Giuliano 
Milanese, Italy) was used to transfect cells according to manufac-
turer’s instructions. 

 After transfection, cells were grown for 2 days and then tryp-
sinized and transferred to 10-mm dishes. A selection of cells con-
taining transfected DNA was obtained with a culture medium 
containing Geneticin (500  � g/ml, Life Technologies, Inc.) for 10–
15 days. Resistant clones were isolated and transferred for expan-
sion and analysis. One of these clones, referred to as MCD4, was 
used in subsequent studies. 

 M-1 cells were also transiently transfected with the two plas-
mids HA-pCDNA-AQP2-D150E or HA-pCDNA-AQP2-G215C. 
Cells were processed for immunofluorescence microscopy or 
Western blotting 48 h after transfection. 

 Immunofluorescence and Western Blot Analysis 
 MCD4 cells, stably transfected with wild-type human AQP2 

and M-1 cells, transiently transfected with HA-pCDNA-AQP2-
D150E or HA-pCDNA-AQP2-G215C were grown to confluence 
on porous cell culture inserts (Becton Dickinson Labware, USA) 
and treated with or without 10 –4   M  forskolin (FK) for 20 min at 
37   °   C before being fixed with 3% PFA with 0.1% Triton X-100 for 
20 min at room temperature. After blocking in 0.1% gelatin in PBS 
for 20 min, cells were incubated at room temperature for 1 h with 
AQP2 affinity-purified antibodies and with anti-calnexin anti-
bodies (1:   100; Santa Cruz Biotechnology). 

 Cells were washed with 0.1% gelatin in PBS and incubated for 
60 min with donkey antirabbit IgG Alexa Fluor 488 and donkey 
antigoat IgG Alexa Fluor 546 (both diluted 1:   1,000), followed by 
washing twice for 1 min in high-salt PBS and twice in regular PBS. 
The filters were then removed, mounted and AQP2 and calnexin 
were detected with a confocal microscope (Leica TCS SP2, Leica 
Microsystems). 

 For lysate preparations, cells were washed in PBS and resus-
pended in ice-cold lysis buffer containing 50 m M  Tris, 110 m M  
NaCl, 0,5% Triton X-100, 0.5% Nonidet P-40, and 2 m M  phenyl-
methylsulfonyl fluoride and proteases inhibitor cocktail, pH 8. 
Cell suspension was incubated on ice for 1 h and vortexed several 
times. Insoluble material was pelleted at 11,000  g , and protein 
content was determined by the method of Lowry  [24] . Sixty mi-
crograms of cell lysate was dissolved in SDS loading buffer, heat-
ed to 60   °   C for 10 min, and separated by electrophoresis on 13% 
SDS-polyacrylamide gel electrophoresis and transferred onto Im-
mobilon-P membrane. To check the efficiency of the transfer, the 
membrane was briefly stained with Coomassie Blue, destained, 
blocked in blotting buffer containing 5% nonfat dry milk, 150 m M  
NaCl, 1% Triton X-100, and 20 m M  Tris-HCl, pH 7.4, for 60 min 
and incubated overnight with affinity purified anti-AQP2 anti-
bodies (1:   500 diluted in blotting buffer). Membranes were then 

washed in several changes of blotting buffer and incubated for 60 
min with alkaline phosphatase-conjugated secondary antibody 
(1:   30,000; Sigma) and visualized using the 1-Step NBT/BCIP de-
tection system (Pierce). 

 Homology Modeling 
 For homology modeling, bovine aquaporin 0 (pdb code 1YMG) 

was identified as the best target since it displayed the highest E 
value (1e-75) and high sequence identity (60%) in sequence align-
ment in BLAST (http://www.ncbi.nlm.nih.gov/blast/) using pro-
teins of known 3-D structure. Alignment was improved by Clust-
alW. The homology models were obtained from the SWISS-
MODEL server (http://swissmodel.expasy.org//SWISS-MODEL.
html) and visualized in PyMOL (http://www.pymol.org). 

 Results 

 Clinical Evaluation of the Patient with NDI 
 The male patient was referred to the Pediatric Depart-

ment of Padua University at the age of 9 months because 
of vomiting, failure to thrive, polydipsia and polyuria. He 
was the second child of nonconsanguineous parents and 
had a healthy brother. Family history was negative for 
NDI. Blood and urine analyses revealed a natremia of 
141,3 m M , plasmatic osmolality of 281 mosm/kg, urinary 
osmolality of 80 mosm/l and body weight 6.91 kg. The 
diagnosis of diabetes insipidus was made by the Miller 
test: restriction of liquids followed by intranasal admin-
istration of vasopressin. The patient showed a maximal 
urine osmolality of 202 mosm/kg after 12-hour thirsting 
with serum Na 152, plasma osmolality of 299 mosm/kg, 
plasma ADH values  1  64 ng/l (NV: 5–11) and an 8% de-
crease in weight. DDAVP was then given (intranasal, 2 
puffs of 0.1 mg each) resulting in the following osmolal-
ity values: 252 (1 ml), 156 (55 ml), 137 (75 ml) and 89
(60 ml) 1, 2, 3 and 4 h after the administration of the 
DDAVP. 

 The patient with NDI along with his parents and 
brother were analyzed by direct sequencing in the whole 
coding sequence and the splice sites of the AQP2 gene. 
Direct sequencing of DNA in the patient revealed that he 
was compound heterozygote for two previously unre-
ported missense mutations in the AQP2 gene; a thymine-
to-adenine transversion at position 450 (c.450T 1 A) in 
exon 2 and a guanine-to-thymine at nucleotide position 
643 (c.643G 1 T) in exon 4, resulting in an aspartic acid-
to-glutamic acid substitution at codon 150 (D150E) and 
glycine-to-cysteine substitution at codon 215 (G215C), 
respectively ( fig. 1 ). (Recommendations for the descrip-
tion of DNA sequence variants: http://www.hgvs.org/
mutnomen/recs-DNA.html#sub.) Both D150 and G215 
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are highly conserved among various species. Direct se-
quencing of exon 2 and exon 4 from the AQP2 gene of 
each parent revealed that the c.450T 1 A mutation was in-
herited from the father while the c.643G 1 T mutation was 
inherited from the mother. The healthy brother present-
ed both normal alleles ( fig. 2 ). Sequencing of the PCR 
products of the exon 2 and exon 4 coding region of 100 
normal chromosomes from a control group indicated 
that the missense mutations identified in this study were 
not present in the normal population. 

 Urinary Excretion of AQP2 
 The principal clinical parameters related to the pa-

tient and his parents are summarized in  table 1 . The pa-
tient had dramatically increased urine production (2,150 
ml/day) compared to his heterozygotic parents. Consis-
tent with these data, the affected child’s urine osmolality 
was very low (80 mosm/kg). AQP2 excretion from the 
patient and from his parents was evaluated by ELISA as 
described in the ‘Materials and Methods’ section. It has 
been demonstrated that this method can detect as low as 
5.6 fmol of urinary AQP2  [25] . The AQP2 concentration 
obtained from the mother and father were 2,837  8  174 
and 928  8  102 fmol/ml, respectively. In the affected 
child, AQP2 excretion was below the sensitivity of the
assay. 

  Fig. 1.   a  Comparison between the wt-AQP2 and its mutants. The 
amino acids and the corresponding nucleotide sequences of
wt-AQP2, D150E and G215C mutants are shown. The identified 
mutations are in bold.  b  Localization of the mutations in AQP2. 
The two missense mutations, as identified in the NDI patient, are 
indicated. 

G215CD150E n

D150En nG215C

  Fig. 2.  Inheritance of NDI in the analyzed family. The affected 
male (square) was heterozygotic for two previously unreported 
missense mutations in the  AQP2  gene, the D150E inherited from 
the father and the G215C inherited from the mother (circle). By 
contrast, his healthy brother inherited both of the normal (n) al-
leles from the parents. 

  Table 1.  Principal clinical parameters in the NDI patient and his 
parents 

Parameters Father Mother Affected
child

Diuresis, ml/24 h 1,050 1,250 2,150
Creatinine, mg/dl 253.1 120.9 5.7
Osmolality, mosmol/kg 1,080 580 80
AQP2, fmol/ml 2,3498258 3,4308211 n.d.
AQP2/creatinine, fmol/mg 9288102 2,8378174 n.d.

Values are expressed as mean 8 SE; n.d. = not detectable.
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 Since the absence of AQP2 signal obtained by the ELI-
SA might be due to dilution by polyuria,  AQP2 excretion 
was also evaluated by Western blotting as described by 
Valenti et al.    [26]  .  A total of 150 mg of creatinine equiva-
lent of each sample was processed and subjected to im-
munoblot analysis to semiquantify the amount of AQP2 
in the sample. Although a clear AQP2 band was visible in 
the lanes loaded with healthy parents’ urine, no bands 
were detected in the lanes loaded with patient’s urine 
(data not shown). 

 Expression Analysis of AQP2-D150E and
AQP2-G215C in Collecting Duct Cells 
 To determine whether the identified mutations could 

be causal for NDI in this patient, each mutation was in-
troduced into the  AQP2  cDNA sequence, cloned into an 
expression vector. The plasmids obtained were transient-
ly transfected in M-1 mouse collecting duct cells not ex-
pressing the water channel AQP2  [23] . Cells expressing 
both AQP2 mutants, along with MCD4 cells, stably trans-
fected with wt-AQP2, were then lysated and subjected to 
immunoblotting studies. For the AQP2 mutants AQP2-
D150E and AQP2-G215C, the unglycosylated 29-kDa and 
high-mannose glycosylated 32-kDa forms were present, 
characteristic for   ER-retained AQP2 proteins, whereas a 
29-kDa band and a 40- to 45-kDa glycosylated band (Gly) 
were detected for wt-AQP2 ( fig. 3 ). 

 Immunofluorescence experiments of transiently 
transfected cells showed typical intracellular vesicles 
staining for wt-AQP2, which redistributed to the plasma 
membrane upon FK stimulation. By contrast, in cells 
transfected with mutant AQP2-D150E or AQP2-G215C, 
a scattered intracellular expression was observed in the 
absence and in the presence of FK stimulation ( fig. 4 ), 
which strongly colocalized with the ER marker calnexin 
( fig. 4 ; merge). Confocal scanning of the intracellular 
staining performed in single cells along the z-axes ( fig. 4 ; 
z-scan) confirmed a low degree of colocalization between 
wt-AQP2 and calnexin along with a clear redistribution 
of wt-AQP2 staining from an intracellular compartment 
towards the apical membrane after FK stimulation. In 
contrast, the same analysis revealed a strong colocaliza-
tion of both AQP2-D150E and AQP2-G215C with calnex-
in, consisting in retention of both mutated proteins in the 
ER, and no redistribution of both AQP2 mutants staining 
in the presence of FK. 

 3-D Homology Modeling of AQP2 and Its Mutations 
 The overall structure of the wt-AQP2 model strongly 

resembles its parent model, bovine AQP0, as evidenced 

by low RMS deviations (0.2 Å;  fig. 5 a). In combination 
with good geometry and the lack of clashes within the 
model, these results indicate that the obtained AQP2 
structure represents a plausible model of AQP2 and pro-
vides a solid basis to discuss the implications of the two 
observed mutations on the molecular level. D150 is lo-
cated at the cytoplasmic end of helix H4 ( fig. 5 a). Its car-
boxylate group maximizes its hydrogen bond acceptor 
potential by engaging in four hydrogen bonds with the 
backbone NH of R152, the guanidinium group of R152, 
and with the hydroxyl group of Y219 from helix H6, all 
of which are formed with perfect geometry ( fig. 5 b). The 
high sequence conservation of D150, R152, and Y219 un-
derscores the important structural role of this hydrogen 
bond network in aquaporins. In contrast, the AQP2-
D150E mutant would be unable to form this finely tuned 
hydrogen bond network; E150 would make only a single 
hydrogen bond with R152. Mutation G215C occurs in 
the middle of the transmembrane region of H6 facing 
H4 ( fig. 5  a, c). G215 corresponds to the last residue in 
the conserved sequence pattern GPxxGxxxG. In gener-
al, the GxxxG motif is the most frequently occurring 
sequence motif in transmembrane domains and medi-
ates high-affinity helix-helix association  [27] . Mutation 
of glycine in this motif is reported to result in strong de-

32 kD
29 kD

Gly

G215C

D150E

W
T

  Fig. 3.  Expression of AQP2 in collecting duct renal cells transient-
ly transfected with human D150E or G215C AQP2 mutants. Con-
trol MCD4 cells, stably transfected with WT AQP2, were used as 
positive control (WT). Cells were lysated and subjected to immu-
noblotting analysis for AQP2. Unglycosylated AQP2 (29 kDa), 
high-mannose glycosylated AQP2 (32 kDa) and mature 35- to 45-
kDa glycosylated AQP2 bands (Gly) are indicated. 
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stabilization of helix-helix association by steric clashes, 
by a significant increase in the side chain entropy, and 
by a decrease in electrostatic complementarity  [27] . In 
agreement with these findings, C215 would undergo un-
favorable close contacts with V142 and the polar cyste-
ine would be embedded in a highly hydrophobic envi-
ronment, thus destabilizing the mutant protein. Finally, 
formation of disulfide bridges with C144 or C75, which 
are in immediate vicinity ( ! 10 Å) to C215, would be an-
other plausible mechanism for disruption of the aquapo-
rin structure. 

 Discussion 

 In this study, we identified a case of a heterozygote pa-
tient with two previously unreported missense mutations 
in the AQP2 gene causing NDI. While family history was 
negative for NDI, direct sequencing of DNA in the male 
patient of exon 2 and exon 4 of the AQP2 gene revealed 
that the c.450T 1 A mutation was inherited from the fa-
ther while the c.643G 1 T mutation was inherited from the 
mother. These mutations result in an aspartic acid-to-
glutamic acid substitution at codon 150 (D150E) and gly-
cine-to-cysteine substitution at codon 215 (G215C), re-

spectively. The healthy brother presented both normal 
alleles. 

 In recessive NDI, nonfunctional mutants are thought 
to be retained in the ER and fail to tetramerize, while 
AQP2 mutants responsible for dominant NDI oligomer-
ize with the product of the wild-type allele forming tet-
ramers that are improperly targeted and do not reach the 
apical cell surface  [15, 28] . Upon expression in collecting 
duct cells, both AQP2-D150E and AQP2-G215C appeared 
to be retained in the ER, as a 32-kDa high-mannose gly-
cosylated band, characteristic of ER-retarded AQP2 mu-
tants in recessive NDI, was observed  [4, 15, 29] . Consis-
tently, immunolocalization studies of both AQP2-D150E 
and AQP2-G215C displayed a high degree of colocaliza-
tion with calnexin, a specific ER marker. Finally, FK 
treatment did not change the intracellular localization of 
both mutated proteins, indicating that they are impaired 
in their trafficking to the plasma membrane in response 
to cAMP-elevating agents. 

 Our data indicate that, similarly to other AQP2 mu-
tants in recessive NDI, both the encoded AQP2-D150E 
and AQP2-G215C cause recessive NDI because of ER re-
tention as demonstrated by confocal analysis of the colo-
calization for both mutants with the ER marker calnexin 
when expressed in a collecting duct cell line. This hy-
pothesis is corroborated by the absence of mutant AQP2 
proteins in patient’s urine whereas AQP2 was easily de-
tected in the urine of his healthy parents. 

 Strict conservation of helical tertiary structure in 
aquaporins and high sequence identity of human AQP2 
with other aquaporins encouraged us to construct 3-D 
homology models of AQP2 and its two mutants in order 
to understand the cellular consequences on the molecu-
lar level. The two mutations involve two highly conserved 
residues which play important structural roles in aqua-
porins. Homology modeling suggests that both E150 and 
C215 would considerably disrupt the favorable interac-
tions of the wt-residues, resulting in significant destabi-
lization of the mutant proteins. Since the affected helices 
H4 and H6 are in contact with other aquaporin mono-
mers in the tetramer, the structural changes may ulti-
mately obstruct quaternary structure assembly or lead to 
unstable or unfunctional heterotetramers in the patient. 
Therefore, the mutant AQP2 are likely to be subject to ER-
associated protein degradation  [12]  which eliminates 
misfolded or unassembled proteins from the ER  [30] , 
consistent with the experimentally found ER retention. It 
is likely that mutated proteins are not stable because they 
are impaired in the interaction with ER molecular chap-
erones  [31, 32] . 

  Fig. 4.  Localization of AQP2 mutants in renal collecting duct cells. 
Collecting duct renal cells transfected with wt-AQP2, AQP2-
D150E or AQP2-G215C were grown to confluence, incubated in 
the absence or in the presence of FK, fixed and immunostained 
using antihuman AQP2 and anticalnexin antibodies as a marker 
for the ER. AQP2 is visualized with Alexa Fluor 488 (green), 
whereas calnexin is visualized with Alexa Fluor 546 (red). AQP2-
D150E- and AQP2-G215C-expressing cells showed a diffused cy-
toplasmic staining overlapping with that obtained with the ER 
marker calnexin (merge), which is consistent with ER retention 
for both   mutants. Confocal scanning of the staining along the z-
axis showed that no change in the staining was observed after FK 
stimulation for either mutants, whereas wt-AQP2 redistributed to 
the apical pole of the cell (z-scan). Bar = 10  � m. 
  Fig. 5.  Homology model of AQP2 and its mutants.  a  Cartoon of 
wt-AQP2. The helices are labeled according to Murata et al.  [33] . 
Residues D150 and G215, each of which are mutated in the two 
mutant forms of AQP2, are highlighted in red.  b  Close view of the 
highly conserved D150 and its hydrogen bond interactions. The 
mutation D150E (yellow) fails to form an equivalent hydrogen 
bond network, thus destabilizing AQP2.  c  Close view of the region 
around the well-conserved residue G215, which allows close in-
terhelical packing of H4 and H6. Mutation to the polar residue 
C215 (yellow) in the highly hydrophobic environment results in 
unfavorable steric and electrostatic interactions with neighboring 
residues. Disulfide bridge formation with C75 or C144 may ob-
struct proper folding into the wt-tertiary structure. 
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 To conclude, we have identified a case of a human het-
erozygote for two previously unreported missense muta-
tions in the  AQP2  gene causing NDI. Our data indicate 
that both AQP2 missense mutations lead to ER retention. 
Since the quality control system for properly folded pro-
teins is located in the ER, this result suggests that AQP2 
may be misfolded or misassembled. Furthermore, the 
two naturally occurring mutations in AQP2 provide im-
portant clues about the role of the wt-residues in AQP2 
stability and function, which should hold true for other 
aquaporins as well. Lastly, our findings motivate more 
experiments to elucidate the fate and oligomerization 
state of the ER-retained AQP2 mutants. 
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