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Abstract
The water channel aquaporin 2 (AQP2) is responsible for water reabsorption by kidney collecting duct cells. A substitution 
of amino acid leucine 137 to proline in AQP2 (AQP2-L137P) causes Nephrogenic Diabetes Insipidus (NDI). This study 
aimed to determine the cell biological consequences of this mutation on AQP2 function. Studies were performed in HEK293 
and MDCK type I cells, transfected with wildtype (WT) AQP2 or an AQP2-L137P mutant. AQP2-L137P was predomi-
nantly detected as a high-mannose form of AQP2, whereas AQP2-WT was observed in both non-glycosylated and complex 
glycosylated forms. In contrast to AQP2-WT, the AQP2-L137P mutant did not accumulate on the apical plasma membrane 
following stimulation with forskolin. Ubiquitylation of AQP2-L137P was different from AQP2-WT, with predominance of 
non-distinct protein bands at various molecular weights. The AQP2-L137P mutant displayed reduced half-life compared 
to AQP2-WT. Treatment of cells with chloroquine increased abundance of AQP2-WT, but not AQP2-L137P. In contrast, 
treatment with MG132 increased abundance of AQP2-L137P but not AQP2-WT. Xenopus oocytes injected with AQP2-WT 
had increased osmotic water permeability when compared to AQP2-L137P, which correlated with lack of the mutant form 
in the plasma membrane. From the localization of the mutation and nature of the substitution it is likely that AQP2-L137P 
causes protein misfolding, which may be responsible for the observed functional defects. The data suggest that the L137P 
mutation results in altered AQP2 protein maturation, increased AQP2 degradation via the proteasomal pathway and limited 
plasma membrane expression. These combined mechanisms are likely responsible for the phenotype observed in this class 
of NDI patients.
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Introduction

The ability of the kidney to concentrate urine is an essential 
mechanism in maintaining normal body water homeostasis. 
Minor increases in plasma osmolality cause release of the 
antidiuretic hormone arginine vasopressin (AVP) from the 

pituitary gland [1]. Upon binding of AVP to the AVP type 
II receptor (V2R) in the principal cells of the kidney col-
lecting duct, a variety of signaling mechanisms are initiated 
resulting in accumulation of the water channel aquaporin 2 
(AQP2) in the apical plasma membrane. This increases the 
water permeability of the collecting duct epithelium, facili-
tating water reabsorption to the hyperosmotic interstitium 
[2].

Functionally, AQP2 exists as tetramer, with each mono-
mer having six transmembrane spanning membrane domains 
that fold to create a water pore. AQP2 function, in particu-
lar apical plasma membrane accumulation of AQP2 follow-
ing AVP stimulation, is tightly controlled by various post-
translational modifications in the intracellular C-terminus of 
AQP2. AVP increases phosphorylation of AQP2 at ser256, 
ser264, and ser269 (threonine in human), but decreases 
phosphorylation of ser261 [3]. Phosphorylation of ser256 
and ser269 is important for the AVP-mediated accumulation 
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of AQP2 in the apical plasma membrane [4, 5]. AQP2 is also 
modified by K63-linked ubiquitylation at lys270, which pro-
motes AQP2 internalization from the plasma membrane [6], 
but also AQP2 degradation via lysosomal and proteasomal 
pathways [6, 7].

The disease congenital nephrogenic diabetes insipidus 
(NDI) is characterized by the decreased ability of the kid-
ney to respond to AVP and concentrate urine. This renders 
the affected person prone to hypernatremic dehydration if 
access to water is limited [8]. Hereditary mutations in the 
AQP2 gene are responsible for approximately 10% of con-
genital NDI cases [8]. Currently, 65 different mutations of 
the AQP2 gene have been reported to cause NDI [9]. The 
majority of these mutations are of recessive inheritance and 
generally caused by amino-acid substitutions in the trans-
membrane domains or connecting loops of the monomer 
resulting in AQP2 misfolding and intracellular retention 
[10–12]. In rare cases NDI can also be autosomal dominant. 
These cases are caused by AQP2 mutations residing in the 
carboxyl terminus of AQP2 resulting in misrouting of the 
protein to the Golgi complex, late endosomes or lysosomes 
[11, 13, 14]. A structural basis for further classifying how 
these mutations may alter AQP2 pore function, tetrameric 
assembly, monomer folding, or phosphorylation has recently 
been suggested [15].

We have previously identified an autosomal recessive 
form of NDI resulting from substitution of AQP2 leu137 
with proline (AQP2-L137P) [16]. This amino acid substitu-
tion in the fourth membrane spanning region of AQP2 [15] 
results in a severe form of NDI, with the male patient har-
boring this mutation suffering from severe fatigue, polydip-
sia, prominent hyposthenuria, and more than 20 L of daily 
voiding. The aim of this study was to determine the cell 
biological consequences of this mutation on AQP2 function 
as a basis for this patient’s NDI, and whether the uncovered 
biology fits with existing observations for mutations in auto-
somal recessive NDI.

Materials and methods

Generation of constructs, transfection 
and maintenance of cell lines

Human AQP2 was cloned from human kidney cDNA and 
subcloned into the pcDNA5/FRT vector (Invitrogen). The 
mutant form of hAQP2 (AQP2-L137P) was generated by 
replacing Leu137 with Proline at amino acid 137 using site-
directed mutagenesis. All plasmid inserts were checked by 
DNA sequencing. All cells were kept in a 5% CO2 incuba-
tor at 37 °C. For transient transfections, HEK293 cells were 
grown and maintained in DMEM high glucose with 10% 
donor bovine serum. Cells were seeded in 12 well plates 

and when 80% confluent, transfection was performed using 
Lipofectamine 2000 (Invitrogen) in accordance with manu-
facturer’s instructions. Cells were used for experiments the 
following day. For stable transfections, the MDCK type I 
cell line, MDCK-FRT pcDNA6/TR6 [17], was maintained in 
complete DMEM (DMEMGlutaMAX) containing 10% donor 
bovine serum and 5 µg/ml blasticidin-HCL and transfected as 
previously described [17]. Stable AQP2-expressing cells were 
selected using 5 µg/ul blasticidin and 500 µg/ml Hygromycin 
B.

Cycloheximide studies and immunoprecipitation 
studies

Stably transfected MDCK cells were seeded in 24-well plastic 
plates and grown to confluence in complete DMEM. Cells 
were rinsed in prewarmed pure media and incubated in 50 µM 
cycloheximide in pure media for various periods before lysis in 
Laemmli sample buffer containing 15 mg/ml DTT. The lysates 
were sonicated and heated to 65 °C for 15 min prior to immu-
noblotting. To determine half-lives, band densities for AQP2 
were analyzed using Image Studio Lite Version 4 and data fit-
ted with nonlinear regression and one-phase exponential decay 
using GraphPad Prism 6 software. For immunoprecipitation 
studies, cells were incubated for 3 h with 100 µM of the lyso-
somal inhibitor chloroquine (Sigma-Aldrich) or 10 µM of the 
proteasomal inhibitor Mg132 (Sigma-Aldrich) prior to AQP2 
immunoprecipitation as described previously [18].

De‑glycosylation of proteins

Cells were grown to confluence in plastic wells, rinsed in 
PBS and harvested in dissection buffer (300 mM sucrose, 
25 mM imidazole, 1 mM EDTA, pH 7.2) containing protease 
inhibitors Leupeptin (1 mg/ml) and Pefa-block (0.1 mg/ml) 
(Boehringer Mannheim). Samples were deglycosylated 
using PNGase F or endoglycosidase H (EndoH) (New Eng-
land BioLabs) in accordance to manufacturer’s instructions. 
Samples were prepared for SDS-PAGE by addition of Lae-
mmli sample buffer with DTT as above.

Surface biotinylation

MDCK cells were seeded in 6-well filter plates and grown in 
complete DMEM until confluent. Cells were washed in pure 
media and treated with 25 µM forskolin or DMSO for 30 min 
before surface biotinylation as previously described [19].

Immunoblotting

Standard procedures were used for SDS-PAGE and ECL-
detection. Densitometry for assessment of signal intensity 
was performed using Image Studio Lite software (Qiagen).
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Immunocytochemistry and confocal microscopy

Performed as described in detail earlier [5]. A Leica TCS SL 
confocal microscope and a HCX PL APO 40×/1.25–0.75 Oil 
C9 lens were used for imaging.

Antibodies

Primary antibodies used were goat anti-AQP2 (C17, Santa 
Cruz, sc-9882), anti-AQP2 H7661 [20], anti-AQP2 9398 
[21], rabbit anti-Actin (Sigma-Aldrich, A2066), and rabbit 
anti-Proteasome 20S (abcam, ab3325). For immunoprecipi-
tation of AQP2 anti-AQP2 9398 was used and the mouse 
anti-ubiquitin antibody was from Cell Signaling (P4D1, 
3936). In oocyte experiments, a rabbit anti-AQP2 was used 
(ab78230, Abcam).

Oocyte volume measurement experiments 
and isolation of oocyte membranes

AQP2-WT and AQP2-L137P were subcloned to the pT7Ts 
vector, linearized with SalI endonuclease and capped RNAs 
synthesized using in vitro transcription with T7 RNA poly-
merase (mMessage mMachine; Ambion, Austin, TX). Stage 
V and stage VI Xenopus laevis oocytes (Ecocyte Biosci-
ence, Germany) were stored at 18 °C in Barth’s solution 
(88  mM NaCl, 3  mM KCl, 0.82  mM MgSO4, 0.4  mM 
CaCl2, 0.33 mM Ca(NO3)2 and 5 mM HEPES, pH 7.6) 
supplemented with donor horse serum (5%), sodium pyru-
vate (2.5 mM), and gentamycin (25 μg/ml). Oocytes were 
injected with water, WT (1 ng) or mutated (10 ng) AQP2 
cRNAs, and further incubated for 24–72-h in Barth’s solu-
tion at 18 °C prior to the related experiments. Water flux 
measurements were performed similar to as previously 
described [22–24]. Briefly, 24 h after the injection, oocyte 
vitelline membranes were removed and volume measure-
ments were performed at 18 °C after bathing solution was 
switched from 200 to 2 mOsM. The oocyte volume change 
was calculated from the cross-sectional areas of the images 
taken at 0 and 60 s, using the formula (A/A0) = V/V0. (A: 
surface area observed after swelling, A0: initial surface area, 
V: volume after swelling, V0: initial volume). The WT-AQP2 
change was set as 100% and the relative volume change of 
the mutant was determined relative to this [25]. Total and 
plasma membranes from injected oocytes were isolated 
according to previous studies [24, 26]. Total membranes 
were isolated from 5 oocytes, whereas plasma membranes 
were isolated from 40 oocytes. Membrane equivalents of 5 

oocytes (total membranes) and 40 oocytes (plasma mem-
branes) were assessed by immunoblotting and standard 
procedures.

Visualization of AQP2 structure

To visualize the potential impact of the L137P muta-
tion, the amino acid substitution was examined using the 
Pymol software [27] and the structure of AQP2 (PDB ID 
is 4NEF) [28].

Statistics

Data are expressed as mean ± SEM. Statistical analysis 
was performed using GraphPad Prism7 software. Differ-
ences between groups were analyzed as appropriate using 
unpaired t test or one-way ANOVA and Tukey’s multiple 
comparison tests. Differences were considered significant 
at p values < 0.05. The type of analysis is highlighted in the 
figure legends.

Results

AQP2‑L137P exists as a high‑mannose modified 
protein

Immunoblots of HEK293 cells transiently transfected with 
AQP2-WT demonstrated that AQP2 was expressed as a 
non-glycosylated form of approximately 25 kDa, a weaker 
protein form of approximately 27 kDa, and a smear cen-
tered at 37 kDa representing complex glycosylated AQP2 
(Fig. 1a). In contrast, AQP2-L137P was detected only as 
25 and 27 kDa forms, suggesting different glycosylation to 
AQP2-WT. In MDCK cells stably expressing either AQP2-
WT or AQP2-L137P, a similar pattern was observed, with 
a pronounced higher molecular weight form of AQP2-
L137P at approximately 27 kDa being dominant (Fig. 1b). 
In the MDCK lines, immunocytochemistry of AQP2 and 
confocal microscopy demonstrated that under basal con-
ditions AQP2-WT was distributed in a punctate and dis-
tinct pattern, whereas AQP2-L137P staining was more 
dispersed (Fig. 1c).

Mutant forms of AQP2 are often core-glycosylated 
(high-mannose), indicative of ER retention [29, 30]. To 
examine if this was similar for AQP2-L137P, lysates 
from either transiently transfected HEK293 cells or sta-
ble AQP2-expressing MDCK cells were deglycosylated. 
Treatment of HEK293 cell lysates with PNGase F (cleav-
ing all types of asparginine-bound N-glycans) shifted 
the observed 27 kDa form of AQP2-L137P to 25 kDa, 
demonstrating that this is a glycosylated form of AQP2 
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(Fig. 2a). Treatment of similar lysates with endoglycosi-
dase H (EndoH), cleaving high-mannose and some hybrid 
oligosaccharides of N-linked glycoproteins, resulted in 
a similar Mw shift, suggesting that AQP2-L137P exists 

Fig. 1   Compared to AQP2-WT, the AQP2-L137P mutant has a dif-
ferent molecular mass and subcellular distribution when expressed in 
kidney epithelial cell lines. a Immunoblotting of AQP2 on cell lysates 
isolated from HEK293 cells transiently transfected with AQP2-WT 
and AQP2-L137P constructs. Various amounts of plasmid DNA were 
used for transfection. AQP2-WT is mainly detected as a ~ 25  kDa 
band, but AQP2-L137P is distributed evenly between ~ 25  kDa and 
27 kDa forms. Actin is used as a loading control. b Immunblotting of 
cell lysates from MDCK cells stably expressing AQP2-WT or AQP2-
L137P revealed a similar tendency for the mutant protein to exist 
as a higher molecular weight form compared to WT-AQP2. Upon 
longer exposure a complex glycosylated smear could be observed for 
the AQP2-WT-expressing cells. Each lane represents a lysate from a 
different stable cell line. c Confocal images of AQP2 distribution in 
MDCK cells stably expressing AQP2-WT or AQP2-L137P

▸

Fig. 2   The AQP2-L137P mutant exists as an immature high-man-
nose form when expressed in kidney epithelial cells. a Cell lysates 
isolated from HEK293 cells transiently transfected with AQP2-WT 
and AQP2-L137P constructs were deglycosylated using PNGase F 
or EndoH and immunoblotted for AQP2. PNGase treatment shifted 
higher molecular weight bands of AQP2-WT and AQP2-L137P 
to a similar size, whereas EndoH only shifted the higher molecular 
weight bands of AQP2-L137P indicating it is a high-mannose form. 
b Immunblotting of PNGase-treated cell lysates from MDCK cells 
stably expressing AQP2-WT or AQP2-L137P revealed a similar size 
shift in the mutant cells. Each lane represents a sample obtained from 
a different batch of cells



957Molecular characterization of an aquaporin-2 mutation causing a severe form of nephrogenic…

1 3

in a high-mannose form (Fig. 2a). Similar results were 
obtained using PNGase F and MDCK cell lysates (Fig. 2b).

In MDCK cells AQP2‑L137P has a reduced half‑life 
relative to AQP2‑WT

High-mannose glycosylation can be indicative of the 
mutant protein being misfolded and trapped in the ER. As 
misfolded proteins are often degraded quicker and some 
mutant forms of AQP2 have decreased half-life [29], the 
half-life of AQP2-WT and AQP2-L137P in MDCK cells 
was examined using a cycloheximide chase experiment. 
Immunoblotting of a representative experiment is shown in 
Fig. 3a. Quantification of AQP2 levels from several experi-
ments (Fig. 3b) was plotted using a one-phase exponential 
decay, which demonstrated that AQP2-WT had a signifi-
cantly longer half-life (7.05 ± 1.12 h) compared to AQP2-
L137P (2.08 ± 0.29 h) (p = 0.012).

AQP2‑L137P does not traffic to the apical plasma 
membrane following forskolin stimulation of MDCK 
cells

AQP2-expressing MDCK cells grown on semi-permeable 
supports were stimulated with forskolin, to increase intra-
cellular cAMP levels, and surface proteins biotinylated 
from the apical side. In AQP2-WT cells, biotinylated levels 
of AQP2 relative to total cellular AQP2 levels increased 
following forskolin stimulation (Fig. 4). In contrast, no 
increase in surface levels of AQP2-L137P was observed 

Fig. 3   The AQP2-L137P mutant has a reduced protein half-life when 
expressed in MDCK cells. a Representative immunoblotting of cell 
lysates from MDCK cells stably expressing AQP2-WT or AQP2-
L137P following cycloheximide treatment for various time points. 
Tubulin is used as a loading control. b Following quantification of 
band densities, data were fitted using a one-phase exponential decay 
to calculate half-life. A representative curve is shown. A total of four 
experiments were performed with three wells per condition for each 
experiment to calculate half-life. AQP2-WT half-life = 7.05 ± 1.12 h, 
AQP2-L137P half-life = 2.08 ± 0.29 h, p = 0.012

Fig. 4   In MDCK cells the AQP2-L137P mutant does not traffic to the 
apical plasma membrane following forskolin stimulation. a AQP2-
expressing MDCK cells grown on semi-permeable supports were 
stimulated with forskolin (for), to increase intracellular cAMP levels, 
and surface proteins biotinylated from the apical side. Representative 
immunoblotting from one of four experiments is shown. To assess the 
purity of the biotin isolation, biotin was omitted from some samples 
(− b) and immunoblotting with proteasome 20S (P20S) was used to 
determine if biotin passed the cell membrane. b Quantification of 

accumulated data from four independent biotinylation experiments. 
The biotinylated (surface) pool of AQP2 was normalized to total cel-
lular AQP2 levels for each individual sample followed by normaliza-
tion to first control within either AQP2-WT group or AQP2-L137P 
group. Each group was analysed by unpaired t test to determine sig-
nificant difference between control and forskolin treatment. A sig-
nificant effect of forskolin on surface AQP2 levels was observed in 
AQP2-WT-expressing cells that was not apparent in AQP2-L137P-
expressing cells. *p < 0.05
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under similar conditions. The small amount of AQP2-
L137P observed at the apical plasma membrane in con-
trol conditions suggests that in the overexpression system 
some misfolded AQP2 is routed to the plasma membrane.

Xenopus laevis oocytes expressing AQP2‑L137P 
display reduced osmotic water permeability

In contrast to WT-AQP2-expressing oocytes, the relative 
volume change of oocytes expressing the AQP2-L137P 
mutant was similar to water-injected controls when oocytes 
were subjected to a hypo-osmotic challenge (Fig. 5a). To 
determine the basis of the reduced water permeability, 
the quantity of AQP2 in plasma membranes isolated from 
a similar batch of oocytes was assessed (Fig. 5b). In total 
membrane fractions, AQP2 was observed as a 29 kDa form 
in AQP2-WT-expressing oocytes, but similar to epithelial 
cell lines, as 29 kDa and 32 kDa forms in AQP2-L137P 
expressing oocytes. In WT-AQP2-expressing oocytes, AQP2 
was detected in the plasma membrane fraction, whereas no 
plasma membrane associated AQP2 could be observed in the 
AQP2-L137P-expressing oocytes. Together, these data indi-
cate that the reduced water permeability of AQP2-L137P-
expressing oocytes could be due to misfolding of AQP2 and 
reduced membrane targeting.

Altered ubiquitylation of AQP2‑L137P in MDCK cells

AQP2 is ubiquitylated at K270, which both mediates inter-
nalization from the plasma membrane [6, 18], but is also 
involved in both lysosomal and proteasomal degradation 
of AQP2 [7]. The decreased half-life and core glycosylated 
(high-mannose) form of AQP2-L137P indicative of ER 
retention suggests an altered rate of degradation, poten-
tially via the ERAD system. To examine this, we exam-
ined the ubiquitylation pattern of AQP2 in the stable AQP2 
expressing MDCK cells (Fig. 6a, b). The banding pattern of 
ubiquitylated WT-AQP2 was similar to that observed pre-
viously [18], with distinct protein moieties in the range of 
approximately 32–50 kDa. Although these distinct patterns 
were also observed in AQP2-L137P (considering the higher 
Mw of the core protein), the mutant also displayed a highly 
smeared ubiquitylated AQP2 pattern. After longer expo-
sure (not shown), bands of smaller molecular weight were 
detected indicative of degraded AQP2. Attempts to detect 
specific K63- and K48-linked ubiquitylation of AQP2 using 
site-specific antibodies were not successful (not shown).

AQP2‑L137P is degraded predominantly 
via the proteasome

The previous data indicate that the mutated form of AQP2 
was degraded via an alternative pathway to AQP2-WT. To 

confirm this, the AQP2-expressing MDCK cell lines were 
treated for 3 h with the proteasomal inhibitor Mg132 or the 
lysosomal inhibitor chloroquine and the levels of AQP2 
assessed by immunoblotting. Chloroquine treatment resulted 
in increased abundance of only AQP2-WT, suggesting that 
normally AQP2 is predominantly degraded via the lysoso-
mal pathway [6]. In contrast, blocking proteasomal degrada-
tion with Mg132 was associated with a build-up of ubiquity-
lated AQP2-L137P and ultimately increased AQP2-L137P 
levels (Fig. 7).

Structural visualization of AQP2‑L137P suggests 
destabilization of helical structure within the fourth 
membrane‑spanning domain

Introduction of a proline residue in an alpha-helix will dis-
turb its structure due to the restricted main chain conforma-
tion caused by the proline ring structure. As visualised in 

Fig. 5   Xenopus laevis oocytes expressing AQP2-L137P display 
reduced osmotic water permeability relative to AQP2-WT. a Hypo-
osmotic induced volume changes of oocytes expressing AQP2-L137P 
relative to AQP2-WT-injected oocytes. The water permeability of 
mutant expressing X. leavis oocytes was similar to water-injected 
oocytes and significantly lower than AQP2-WT-expressing oocytes. 
Data were analyzed using one-way ANOVA and a Turkey’s multiple 
comparison test. *p < 0.05. b Immunoblotting of total membranes and 
isolated plasma membranes from oocytes injected with either AQP2-
L137P or AQP2-WT. AQP2 was not detected in the plasma mem-
brane isolated from AQP2-L137P injected oocytes
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Fig. 8a, L137 is located in the middle of the fourth mem-
brane spanning alpha-helix of the AQP2 monomer. As such, 
the proline substitution at L137 will cause a destabilization 
of the alpha-helix and may in turn disturb the folding of the 
entire membrane spanning domain of AQP2. Furthermore, 
the fourth membrane spanning helix is also involved in inter-
subunit interactions. Thus, the L137P mutation could also 
limit formation of the functional AQP2 tetramer (Fig. 8b).

Discussion

The aim of this study was to determine the cell biological 
consequences of an L137P mutation in AQP2 that causes a 
severe form of NDI [16]. The majority of the studied NDI 

causing AQP2 mutations are suggested to result in misfold-
ing of AQP2 monomers or defects in tetramer assembly 
[15]. Within the ER, AQP2 is likely assembled to a homo-
tetramer and modified by addition of high-mannose sugar 

Fig. 6   In MDCK cells the AQP2-L137P mutant has altered ubiquity-
lation. AQP2 was immunoprecipitated from cell lysates isolated from 
MDCK cells stably expressing AQP2-WT or AQP2-L137P. Each 
lane represents a sample from an individual well. Controls included 
performing the immunoprecipitation with antibody alone (ab), with 
lysate alone (no ab) or with no lysate or antibody added to the column 
(only beads). The experiment was repeated twice with similar results. 
a Immunoblotting of AQP2 demonstrates the higher molecular mass 
of the AQP2-L137P mutant. b Immunoblotting the same samples for 
ubiquitin highlights a highly smeared ubiquitylated AQP2 pattern for 
the mutant

Fig. 7   In MDCK cells the AQP2-L137P mutant is degraded predomi-
nantly by the proteasomal pathway. AQP2-expressing MDCK cells 
were treated for 3  h with the proteasomal inhibitor Mg132 (Mg) or 
the lysosomal inhibitor chloroquine (Clo). DMSO (veh) and water 
(H2O) represent solvent controls for the Mg132 and chloroquine, 
respectively. a Representative immunoblots of one of the experi-
ments. The top two panels are AQP2-immunoprecipitated samples 
and the two lower panels are total cell lysates. Ubiquitylated levels 
of AQP2-L137P were greatly increased following Mg132 treatment. 
Actin is used as a loading control for the total lysates. b Quantifica-
tion of accumulated data. The total abundance of AQP2-WT, but 
not AQP2-L137P, was significantly increased upon inhibition of the 
lysosomal degradation pathway using chloroquine. In contrast, inhi-
bition of proteasomal degradation using Mg132 resulted in a signifi-
cant increase in AQP2-L137P levels, but not AQP2-WT. Data were 
examined using an unpaired student t test *p < 0.05 relative to control 
group for each cell line and condition
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moieties. During passage through the Golgi, the high-man-
nose sugars are cleaved and complex glycosylation of AQP2 
occurs at Asn123, possibly on one or two of the monomers 
[31]. In a number of AQP2 mutations resulting in recessive 
NDI, disruption of this natural maturation process is high-
lighted by AQP2 being detected as only non-glycosylated or 
high-mannose forms [12, 32]. The major observation from 
our study is that AQP2-L137P mainly exists as such as a 
high-mannose form, indicative of ER retention. In align-
ment with this, AQP2-L137P does not undergo regulated 
trafficking to the plasma membrane in MDCK cells or in 
Xenopus oocytes.

The proline substitution (L137P) likely causes changed 
conformation of the individual AQP2 monomers at the 
fourth membrane spanning domain (helix-4), which may 
result in AQP2 misfolding. In line with this, it has been 
hypothesized that another NDI-causing mutation, a L28P 
substitution within helix-1, interferes with alpha-helical 
structure and folding of the AQP2 monomer [15]. Addition-
ally, it is plausible that proline substitution within helix-4 
interferes with formation of tetramers due to its close prox-
imity to residues thought to be important for tetramer for-
mation, including F136, L139, and L143 [15]. Misfolded 
ER-retained proteins or unassembled subunits of multimeric 
proteins are usually ubiquitylated and subjected to ER-asso-
ciated degradation (ERAD) via the proteasome [33, 34]. The 
altered ubiquitylation pattern of AQP2-L137P, in associa-
tion with the increased abundance of the mutant following 

inhibition of the proteasome, suggests that AQP2-L137P is 
subjected to ERAD. In contrast, our results using chloro-
quine indicate that the majority of AQP2-WT is degraded 
via the lysosomal system. In line with these observations, 
we previously determined that AQP2-WT can be degraded 
by both lysosomal or proteasomal pathways and that the E3 
ubiquitin ligase C-terminus of Hsc70 Interacting Protein 
(CHIP) plays a role in both processes [7]. Future studies 
examining if enhanced CHIP interaction occurs with the 
AQP2-L137P mutant to promote its ubiquitylation and 
facilitate proteasomal degradation may be informative.

Analysis of aquaporins using the Xenopus oocyte 
expression system is well established and the functional 
implications of many NDI-causing AQP2 mutations 
have been examined using this approach [12, 35]. Impor-
tantly, single-channel water permeability of some NDI-
causing AQP2 mutants have been examined in this way 
[36]. Although in general the water permeability of these 
mutants is less than AQP2-WT, even small increases in 
osmotic water permeability of cell membranes would limit 
the water loss in NDI. Thus, rescuing these AQP2 mutants 
from intracellular retention and delivering them to the 
plasma membrane where they can act as functional water 
channels has the potential for future treatment of NDI 
[37]. Unfortunately, L137P-AQP2 did not reach the oocyte 
plasma membrane and thus its osmotic water permeabil-
ity could not be assessed. Therefore, whether this mutant 
constitutes a functional channel and thus membrane rescue 

Fig. 8   Structure and localization of the Leu137 localisation within 
the AQP2 monomer and tetramer (PDB = 4NEF) were examined 
using Pymol software. a AQP2-WT monomeric structure. The leu-
cine residue at position 137 is shown in red and is localized within 

the middle of the fourth alpha-helix highlighted in green. b Tetramer 
structure of AQP2 shows that the fourth alpha-helix containing L137 
is forming part of the interface between monomers
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could be theoretically used as treatment strategy is unclear 
[10].

In conclusion, our data suggest that the novel AQP2 
mutation L137P most likely results in channel misfolding, 
which underlies both the increase in proteasomal degrada-
tion and the intracellular retention of AQP2. Ultimately, this 
limits AQP2 trafficking to the plasma membrane and is the 
basis for the patients’ NDI.
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