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ABSTRACT: Vasopressin regulates human water homeostasis by re-distributing homotetrameric
aquaporin-2 (AQP2) water channels from intracellular vesicles to the apical membrane of renal
principal cells, a process in which phosphorylation of AQP2 at S256 by cAMP-dependent protein
kinase A (PKA) is thought to be essential. Dominant nephrogenic diabetes insipidus (NDI), a
disease in which the kidney is unable to concentrate urine in response to vasopressin, is caused by
AQP2 gene mutations. Here, we investigated a reported patient case of dominant NDI caused by a
novel p.R254Q mutation. Expressed in oocytes, AQP2-p.R254Q appeared to be a functional water
channel, but was impaired in its transport to the cell surface to the same degree as AQP2-p.S256A,
which mimics non-phosphorylated AQP2. In polarized MDCK cells, AQP2-p.R254Q was retained
and was distributed similarly to that of unstimulated wt-AQP2 or AQP2-p.S256A. Upon co-
expression, AQP2-p.R254Q interacted with, and retained wt-AQP2 in intracellular vesicles. In
contrast to wild-type AQP2, forskolin did not increase AQP2-p.R254Q phosphorylation at S256 or
its translocation to the apical membrane. Mimicking constitutive phosphorylation in AQP2-
p-R254Q with the p.S256D mutation, however, rescued its apical membrane expression. These
date indicate that a lack of S256 phosphorylation is the sole cause of dominant NDI here, and
thereby, p.R254Q is a loss of function instead of a gain of function mutation in dominant NDI.
© 2009 Wiley-Liss, Inc.
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INTRODUCTION

Water and salt balance in the body is maintained within strict boundaries. With hypernatremia or hypovolemia,
vasopressin (AVP) is released from the pituitary gland and transported to the kidney where it binds to the
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vasopressin-2 receptor (AVPR2) located in the basolateral membrane of collecting duct principal cells. This G-
protein coupled receptor subsequently activates adenylyl cyclase to turn ATP into cAMP, which in turn increases
protein kinase A (PKA) activity. PKA is then thought to phosphorylate several proteins, among which the
aquaporin-2 (AQP2) water channel that resides in intracellular vesicles. Phosphorylation of at least three out of
four monomers of an AQP2 tetramer at serine 256 (S256) is sufficient to redistributing AQP2 homotetramers from
storage vesicles to the apical membrane of the principal cells, consequently rendering the cells permeable to water
(Kamsteeg et al., 2000a; Van Balkom et al., 2002). Driven by the transcellular osmotic gradient, urinary water then
enters the cells via AQP2 and leaves the cells via AQP3 and AQP4, which are constitutively expressed in the
basolateral membrane. This solute-independent reabsorption of water from urine restores isotonicity and
euvolemia, which leads to a diminished AVP release from the pituitary and re-distribution of AQP2 from the
plasma membrane to intracellular vesicles (van Os and Deen, 1998; Nielsen et al., 1995).

Congenital nephrogenic diabetes insipidus (NDI), which is characterized by the inability of the kidney to
concentrate urine in response to AVP, is caused by defects in the AVPR2 (MIM# 300538) or the AQP2 gene
(MIM# 107777). Mutations in the AVPR2 gene cause the X-linked recessive form of NDI, whereas autosomal
recessive and dominant traits of NDI are caused by mutations in the AQP2 gene (Rosenthal et al., 1992; Deen et
al., 1994; Mulders et al., 1998; Robben et al., 2006; van den Ouweland et al., 1992). Expression studies revealed
that nearly all missense AQP2 mutants encoded in recessive NDI are misfolded and retarded in the endoplasmic
reticulum (ER). In contrast, AQP2 mutants identified in dominant NDI, including AQP2-c.761G>T (p.R254L),
AQP2-¢.772G>A (p.E258K), AQP2-c.721delG, AQP2-c.727delG, c¢.763 772del, c.812 818del, and AQP2-
¢.779_780insA, are properly-folded but missorted to different subcellular destinations depending on the mutation
(Mulders et al., 1998; Kamsteeg et al., 2003; Kamsteeg et al., 1999; Kuwahara et al., 2001; Asai et al., 2003; Marr
et al., 2002b; De Mattia et al., 2005). These mutants exert their dominant effect by inhibiting the proper sorting of
wt-AQP2 to the apical membrane after the formation of heteroligomers (Kamsteeg et al., 1999; Asai et al., 2003).

A novel mutation in AQP2, p.R254Q, has been reported to result in dominant NDI in a 5 years old girl
(pedigree reviewed but not shown; (Robertson and Kopp, 2002)). Sequencing revealed that this mutation was
caused by a 761G>A substitution in one allele of the AQP2 gene, while no mutation was found in her AVPR2
gene. This patient exhibited unusual thirst from birth, was noted to be polyuric at 18 months and was diagnosed DI
at her 5 years age. There was no history of DI in her mother, father or only sibling (a 9 year old girl). Her physical
examination, including height and weight were normal for her age (50th percentile). Her DI did not respond to
standard therapeutic doses of desmopressin. On ad libitum intake of fluids, her basal plasma osmolality, sodium,
potassium, urea and creatinine were within normal limits. However, her plasma vasopressin (Pvp) was slightly
elevated (4.3 pg/ml), her urine osmolality (Uosmo) was very low (58 mOsmo/kgH,0) and her 24 hour urine
volume (Uvol) was high (280 ml/kg weight), indicating she had moderately severe NDI. When deprived of fluid
for 5 hours, she developed mild hypertonic dehydration and raised her Pvp and Uosmo to 22.3 pg/ml and 220
mOsmo/kgH,0. When rehydrated and given a supra-physiologic dose of desmopressin (6.3 pg intravenous in 20
minutes), her Uosmo rose to 258 mOsmo/kgH,O after 2 hours, confirming a partial antidiuretic response to
stimulation of the V2 receptors.

To identify whether AQP2-p.R254Q can be causal to NDI and to determine the underlying mechanism of this
mutation in dominant NDI, we here expressed AQP2-p.R254Q in oocytes and polarized epithelial MDCK cells
and analyzed these in detail.

MATERIAL AND METHODS

Constructs

The constructs encoding pT7Ts-AQP2, pT7Ts-AQP2-p.R187C, pT7Ts-AQP2-p.S256A, pT7Ts-wt-AQP2-F,
and G-AQP2 were as described (Deen et al., 1994; Mulders et al., 1998; Kamsteeg et al., 1999; Marr et al., 2002a).
The cDNA coding for AQP2-p.R254Q or AQP2-p.R254Q-p.S256D were made by introducing the mutations into
pT7Ts-AQP2 (GenBank reference sequence: NM_000486.5) with the Altered Sites mutagenesis kit (Promega,
Madison, WI) using the primers 5’- CGAGGTGCGACGTCAGCAGTCGGTGG-3> and 5’-
CGAGGTGCGACGTCAACAGGA CGTGGAGCTGC-3’, respectively. Nucleotide numbering reflects cDNA
numbering with +1 corresponding to the A of the ATG translation initiation codon in the reference sequence,
according to journal guidelines (www.hgvs.org/mutnomen). The initiation codon is codon 1. Introduction of only
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the desired mutations was confirmed by DNA sequence analysis. To generate pCB6-AQP2-p.R254Q or pCB6-
AQP2-p.R254Q-p.S256D, AQP2-p.R254Q and AQP2-p.R254Q-p.S256D were digested from pT7Ts-AQP2-
p-R254Q or pT7Ts-AQP2-p.R254Q-p.S256D with BgIIl and Spel and ligated into the BgIII and Xbal sites of the
eukaryotic expression vector pCB6.

To generate FLAG-tagged AQP2 expression constructs, pBluescript-FLAG-wtAQP2 (Kamsteeg et al., 1999)
was cut with Notl, blunted and digested with HindIII, and the FLAG-tagged AQP2 (F-AQP2) cDNA fragment was
isolated. In pCB7, which is similar to pCB6, but contains a hygromycin instead of neomycine resistance gene, the
BamHI site was cut, blunted and re-ligated. Next, the F-AQP2 fragment was ligated into the blunted Kpnl site and
the HindIIl of pCB7-ABamHI to yield pCB7-ABamHI-F-AQP2. To generate pCB7-F-AQP2-p.R254Q, pT7Ts-
AQP2-p.R254Q plasmids were digested with BamHI and Kpnl, a 300 bp fragment isolated and cloned into the
corresponding sites of pCB7-ABamHI-F-AQP2.

Oocytes

The obtained pT7Ts constructs were linearized with Sall. Transcription of pT,Ts-constructs and analysis of their
integrity was done as described (Mulders et al., 1998). cRNA injection of oocytes and analysis of their water
permeability in a standard swelling assay were done as reported (Deen et al., 1994). Statistical significance was
determined using the Student’s T-test and was considered significant when p<0.05. Total and plasma membranes
were isolated as described (Kamsteeg and Deen, 2001).

MDCK cells

MDCK cells were cultured and stably transfected with expression constructs using the calcium-phosphate
precipitation technique as described (Deen et al, 1997a). Selection of G418-resistant clones and
immunocytochemistry of transfected MDCK cells was done as described (Deen et al., 2002). MDCK cell lines
stably expressing wt-AQP2 (wt-10), AQP2-p.S256A or GFP-tagged AQP2 were as described (Deen et al., 1997b;
Marr et al., 2002a; Van Balkom et al., 2002).

Monoclonal antibodies against FLAG (m2) and Golgi 58K were purchased from Sigma (St Louis, MO, USA)
and against early endosome antigen-1 (EEA1) from BD Transduction Laboratories (Lexington, KY, USA).
Polyclonal antibodies against the Golgi marker proteins GOS28 and Giantin were obtained from Dr. Y. Ikehara,
Fukuoka University School of Medicine and against the ER marker protein PDI from Ineke Braakman, University
of Utrecht (Benham et al., 2000). Monoclonal antibody (clone AC17) against the late endosomal/lysosomal marker
Lamp2 (Marr et al., 2002b) were kindly provided by Dr. Le Bivic, Marseille, France. Anti-rabbit and anti-mouse
secondary antibodies coupled to Alexa 488 or 594 were purchased from Molecular Probes (Eugene, OR, USA).
Images were obtained with a Bio-Rad confocal laser-scanning microscope (CLSM) using a 60x oil-immersion
objective and a 3-fold magnification.

Transient transfections of MDCK type I cells have been performed using LipofectAMINE™ 2000 reagent
(Invitrogen, CA, USA) according to the manufacturer’s protocol.

Immunoblotting, immunoprecipitation and densitometrical analysis

Immunoblotting, immunoprecipitations and orthophosphate labelling of MDCK cells were done as described
(Van Balkom et al., 2002; Kamsteeg et al., 1999). To semi-quantify AQP2 amounts or the level of phosphorylation
of AQP2-p.R254Q relative to that of wt-AQP2, immunoblot and [**P]-orthophosphate signals were semi-
quantified by measuring the integrated optical densities (IOD) of the film signals using the Image-Pro Plus
analysis software (Media Cybernetics, Silver Springs, CO). These signals were compared with those of two-fold
dilution series of wt-AQP2, which were blotted in parallel or separated by SDS-PAGE and autoradiographed,
respectively. Background IOD values were determined at unexposed areas of the film and subtracted from
obtained IOD values for the different proteins. To determine the relative amounts of phosphorylated AQP2-
p-R254Q protein, the level of phosphorylation was normalized for the amount of immunoprecipitated AQP2 and
expressed as a percentile of phosphorylated wt-AQP2 protein under unstimulated condition, which was set at
100%.
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RESULTS

Functional analysis of AQP2-p.R254Q in oocytes

Several expression studies have shown that phosphorylation of AQP2 at S256 is essential for its AVP-induced
translocation from vesicles to the plasma membrane, because AQP2-p.S256A, which mimics non-phosphorylated
AQP2, is retained in vesicles (Fushimi et al., 1997; Nishimoto et al., 1999; Kamsteeg et al., 2000a; Van Balkom et
al., 2002). R254 in AQP?2 is part of the PKA phosphorylation consensus site (R-R,s4-X-S). Earlier, we showed that
AQP2-p.R254L likely causes dominant NDI, because of its retention in intracellular vesicles due to an impaired
phosphorylation at S256 (De Mattia et al., 2005). We hypothesized that the mechanism underlying NDI for the
present mutation, p.R254Q, would be similar.

To determine whether the identified missense mutation could be the underlying cause for NDI in this patient, it
was introduced into the AQP2 cDNA sequence and transcribed. Then, oocytes were injected with cRNA encoding
AQP2-p.R254Q, wt-AQP2 or AQP2-p.S256A. Determination of the water permeability (Pf) revealed that the Pfs
of oocytes expressing AQP2-p.R254Q (25.9+4.2; n=8) and AQP2-p.S256A (22.4+12; n=8) from 1 ng injections
were significantly higher than those of controls (p=4x107), which showed that both mutants are functional water
channels (Fig. 1A). To relate the obtained Pfs to the amount of expressed AQP2, total membranes and plasma
membranes were isolated from the same batches of oocytes. Subsequent immunoblotting for AQP2 and
densitometric scanning of the signals revealed that the expression levels of AQP2-p.R254Q and AQP2-p.S256A
with 1 ng injections were similar and in between that of wt-AQP2 expressing oocytes, injected with 1 and 3 ng
cRNA (Fig. 1B, TM). In the plasma membranes of these oocytes, however, the expression levels of AQP2-
p-R254Q and AQP2-p.S256A were about 6-fold less than that found for wt-AQP2 (Fig. 1B, PM). Consistently, the
total expression of AQP2-p.R254Q from 1 ng injections was higher than that of oocytes injected with 0.3 ng wt-
AQP2 cRNA, but their plasma membrane expression levels were less. As reported for AQP2-p.S256A (Kamsteeg
et al., 2000a), these data indicated that AQP2-p.R254Q and AQP2-p.S256A were impaired in their trafficking to
the plasma membrane. The similar level of retention of AQP2-p.S256A and AQP2-p.R254Q could indicate that
the molecular cause of their retention in oocytes is identical.

AQP2-p.R254Q heteroligomerizes with wt-AQP2

To determine whether AQP2-p.R254Q would form heteroligomers with wt-AQP2 and thereby exert a dominant
negative effect as other AQP2 mutants in dominant NDI do (Kamsteeg et al., 1999; Kuwahara et al., 2001; Marr et
al., 2002b; Kamsteeg et al., 2003), it was co-expressed with flag-tagged wt-AQP2 (F-AQP2) in oocytes and
subjected to immunoprecipitation using Flag antibodies. Previously, we have shown that this N-terminal FLAG tag
does not interfere with proper plasma membrane expression of wt-AQP2 (Kamsteeg et al., 1999). As a negative
control, AQP2-p.R187C was taken along, which is an ER-retained AQP2 mutant in recessive NDI and does not
heteroligomerize with wt-AQP2 (Kamsteeg et al., 1999). Two days after cRNA injections, membranes of oocytes
expressing combinations of F-AQP2 with AQP2-p.R254Q or AQP2-p.R187C were solubilized and subjected to
immunoprecipitation. Immunoblotting of total membranes using anti-AQP2 antibodies revealed clear expression
of the 31 kDa band of F-AQP2, the 29 kDa bands of AQP2-p.R254Q and AQP2-p.R187C, and the 32 kDa high-
mannose glycosylated band of AQP2-p.R187C, which migrates slightly slower than F-AQP2 (Fig. 1C, TM).
Immunoblot analysis of the FLAG immunoprecipitates showed that AQP2-p.R254Q, but not AQP2-p.R187C, co-
precipitated with F-AQP2 (Fig. 1C, IP). Also, no AQP2 was detected in the immunoprecipitates from oocytes
expressing untagged AQP2 only, which showed that the immunoprecipitations were specific for Flag-tagged
proteins (not shown). Therefore, from these results it could be concluded that AQP2-p.R254Q forms
heteroligomers with wt-AQP2.
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Figure 1. Expression of AQP2-p.R254Q in oocytes. A) Water permeability. Three days after injection of the indicated
amounts of wt-AQP2, AQP2-p.R254Q or AQP2-p.S256A cRNA, oocytes were subjected to a standard swelling assay.
Non-injected oocytes were taken as a control (C). Mean water permeabilities (Py) and SEM of 8 oocytes are shown. B)
AQP2 expression. From 12 oocytes injected as described above, total membranes (TM) or plasma membranes (PM) were
isolated. Subsequently, equivalents of one (TM) or four (PM) oocytes were immunoblotted for AQP2. C)
Heteroligomerization of AQP2-p.R254Q with wt-AQP2. Of 30 oocytes expressing combinations of F-AQP2 with AQP2-
p-R254Q or with AQP2-p.R187C, total membranes (TM) were isolated. Equivalent fractions were solubilized in
deoxycholate and subjected to immunoprecipitation (IP) using FLAG antibodies. Subsequently, total membranes and IPs
were immunoblotted for AQP2. Molecular masses (in kDa) are indicated on the right.

Localization of AQP2-p.R254Q in MDCK cells

Though oocytes are a good cell system to establish functionality and interacting ability of AQP2 mutants in
NDI, they are not polarized as with collecting duct cells. Also, we were unable to study the level of
phosphorylation of AQP2-p.R254Q in these cells. Madin-Darby Canine kidney (MDCK) cells are polarized, and
heterologously-expressed AQP2 in these cells is redistributed from intracellular vesicles to the apical membrane
upon forskolin treatment (Deen et al., 1997b). Therefore, to study AQP2-p.R254Q further, a eukaryotic expression
construct encoding AQP2-p.R254Q was generated and transfected into MDCK cells. Single clones were grown to
confluence, incubated with or without forskolin, and subjected to immunocytochemistry using a-AQP2 antibodies.
MDCK-wt-AQP2 cells were taken along as controls. CLSM analysis revealed that AQP2-p.R254Q localized to
intracellular vesicles and that this distribution was not changed upon incubation with forskolin (Fig. 2A, upper
panel). In contrast and as shown before (Deen et al., 1997b), wt-AQP2 was translocated from intracellular vesicles
to the apical membrane (Fig. 2A, lower panel). The AQP2-positive vesicles in unstimulated MDCK-AQP2 and
MDCK-AQP2-p.R254Q cells, however, were of similar size and were mainly located on the apical side of the cell,
which is also similar to that found for AQP2-p.S256A (Van Balkom et al., 2002). To further identify the
subcellular organelles in which AQP2-p.R254Q resides, representative cell lines were tested for co-localization
with various marker proteins for subcellular organelles. MDCK-AQP2 and MDCK-AQP2-p.S256A cell lines were
taken along as controls. None of the studied AQP2 proteins appeared to co-localize with marker proteins for the
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ER (PDI), cis-Golgi (GOS28), median-trans-Golgi (Giantin) or late endosomes/lysosomes (Lamp2; not shown).
However, AQP2-p.R254Q, wt-AQP2 and AQP2-p.S256A appeared to partially co-localize with the early
endosomal marker protein EEA1 (Fig. 2B, arrows). Semi-quantification of the signals revealed an overlap of 9, 15
and 12% for AQP2-p.R254Q, wt-AQP2 and AQP2-p.S256A respectively, which indicated that they co-localized to
a similar level with EEAT.

A

Non-stimulated Forskolin

AQP2-pR254Q

GFP-AQP2
B F-AQP2-p.R254Q

Figure 2. Localization of wt-AQP2 and AQP2-p.R254Q in MDCK cells. A and B) MDCK cell lines stably-expressing
or wt-AQP2, AQP2-p.R254Q or AQP2-p.S256A (indicated) were grown to confluence on semi-permeable filters and
incubated O/N with indomethacin to reduce basal cAMP levels (A, non-stimulated; B). Subsequently, cells were treated
for 45 minutes with forskolin in the presence of indomethacin (A, stimulated). After fixation and permeabilization, the
filters were incubated with rabbit anti-AQP2 antibodies and monoclonal antibodies recognizing the early endosomal
marker protein EEA1, followed by Alexa 488 conjugated anti-rabbit and Alexa 594 conjugated anti-mouse antibodies.
XY and XZ images were obtained using confocal laser scanning microscopy. Co-localization of the AQP2 proteins
(green) and EEA1 (red) is indicated by arrows. C) Dominant effect of AQP2-p.R254Q on GFP-AQP2. MDCK cells
expressing GFP-tagged wt-AQP2 (GFP-AQP2) and (transiently) FLAG-tagged AQP2-p.R254Q (F-AQP2-p.R254Q)
were grown to confluence, stimulated with forskolin as described above, fixed and permeabized. The filters were
incubated with mouse FLAG antibodies and subsequently Alexa 594 conjugated anti-mouse antibodies. Upon co-
expression, GFP-AQP2 and F-AQP2-p.R254Q co-localize (asterisks) in intracellular vesicles, while GFP-AQP2
expressed alone is found in the apical membrane (indicated by arrows).
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AQP2-p.R254Q impairs trafficking of wt-AQP2 to the apical membrane

Since AQP2-p.R254Q was retained in intracellular vesicles in MDCK cells, we next wanted to investigate
whether AQP2-p.R254Q exhibit a dominant negative effect on the trafficking of wt-AQP2. For this, MDCK cells
stably-expressing GFP-tagged wt-AQP2 (GFP-AQP2) was transiently transfected with FLAG-tagged AQP2-
p-R254Q (F-AQP2-p.R254Q)), which resulted in cells expressing GFP-AQP2 alone as well as together with F-
AQP2-p.R254Q. Immunocytochemistry and CLSM analysis of cell monolayers revealed that in cells expressing
GFP-AQP2 and AQP2-p.R254Q, both proteins co-localized in intracellular vesicles (Fig. 2C; arrows). In contrast
and as reported before (Marr et al., 2002a), cells only expressing GFP-AQP2 showed a dispersed expression
pattern, which is typical for apical membrane expression (Fig. 2C; asterisks; see also forskolin-treated wt-AQP2 in
Fig. 2A). These data revealed that AQP2-p.R254Q exert a dominant-negative effect on wt-AQP2 in that it
interferes with its trafficking to the apical membrane.

Phosphorylation of AQP2-p.R254Q in MDCK cells

Since the p.R254Q mutation destroys the phosphorylation consensus sequence of PKA, we next tested whether
AQP2-p.R254Q could be phosphorylated at S256. For this, MDCK cells expressing wt-AQP2, AQP2-p.R254Q or
AQP2-p.S256A were subjected to orthophosphate labeling in the presence or absence of forskolin. Subsequently,
AQP2 proteins were immunoprecipitated and equivalents were immunoblotted for AQP2 (Fig. 3A, IB) or loaded
on a gel and exposed to a film for 3 days (Fig. 3A, **P). Analysis of the autoradiogram revealed that wt-AQP2 and
AQP2-p.R254Q were already phosphorylated in the absence of forskolin stimulation. In contrast, AQP2-p.S256A

A AQP2-R254Q wi-AQP2 S256A

| IF I IF IF

®p - S - —29
C AQP2-p.R254Q-p.5256D

E OB — — ——— g

* *
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Figure 3. Phosphorylation of AQP2-p.R254Q in MDCK cells. A) MDCK cells expressing wt-AQP2, AQP2-p.R254Q or
AQP2-p.S256A were grown and independent triplicates from the cell lines were treated with indomethacin (I), or
indomethacin/forskolin (IF), as described in the legend of Fig. 2 and subjected to [32P]0rthoph0sphate labelling. After cell
lysis, the AQP2 proteins were immunoprecipitated, split into two portions of which one was separated on SDS-PAGE and

% phosph./protein amount
- )
- 888 8¢

autoradiographed (upper panel), while the second portion was immunoblotted for AQP2 (lower panel). Wt-AQP2 shows a
clear increase in phosphorylation with forskolin, while AQP2-p.R254Q is phosphorylated to low extent, with or without
forskolin treatment. AQP2-p.S256A is not labelled with forskolin. B) Relative phosphorylation levels. The [**P] signals of
the blots under A were densitometrically scanned and normalization for the particular AQP2 protein expression levels. Bars
represent the ratio of phosphorylated AQP2 versus the total amount of AQP2 protein. C) Apical localization of AQP2-
p-R254Q-p.S256D in MDCK cells. MDCK cells transiently expressing AQP2-p.R254Q-p.S256D mutant were incubated
without forskolin, fixed, and immunostained for AQP2 proteins using rabbit anti-AQP2 and Alexa-488 conjugated anti—
rabbit antibodies. XY and XZ images were made with a confocal laser-scanning microscope.
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was not phosphorylated, although the cells were stimulated with forskolin and AQP2-p.S256A was expressed at
high levels (Fig 3A, IB). This indicated that the basal phosphorylation of wt-AQP2 and AQP2-p.R254Q was at
S$256. Semi-quantification of the [**P] signals and normalization for the expression levels, however, revealed that
the basal level of phosphorylation of AQP2-p.R254Q was only about 5% of that of unstimulated wt-AQP2 (Fig.
3B). Upon treatment with forskolin, phosphorylation of wt-AQP2 was about 2.5-fold increased, whereas the level
of AQP2-p.R254Q phosphorylation was not increased. With forskolin stimulation, the level of AQP2-p.R254Q
phosphorylation was thus only 2% of that of wt-AQP2. These data revealed that AQP2-p.R254Q was impaired in
its forskolin-induced phosphorylation at S256, in contrast to wt-AQP2.

To test whether the lack of phosphorylation is the only determinant for the retention of AQP2-p.R254Q, we
introduced the p.S256D mutation into AQP2-p.R254Q), generating AQP2-p.R254Q-p.S256D. Previously, we have
shown that the p.S256D transition in wt-AQP2 mimics constitutively-phosphorylated AQP2 in that this AQP2-
p-S256D is located in the apical membrane of MDCK cells, independent of stimulation by forskolin (Van Balkom
et al., 2002). Following transient transfection of MDCK cells, growth to confluent layers and
immunocytochemistry, CLSM analysis indeed revealed that AQP2-p.R254Q-p.S256D was localized in the apical
membrane, independent of forskolin treatment (Fig. 3C), which indicated that the retention of AQP2-p.R254Q in
intracellular vesicles is solely due to the lack of phosphorylation of S256.

DISCUSSION

AQP2-p.R254Q is a typical mutant in dominant NDI and lack of S256 phosphorylation is likely the molecular cause

As shown previously, AQP2 mutants in dominant NDI are 1) functional water channels of 29 and 40-45 kDa, 2)
missorted to other subcellular organelles than wt-AQP2, and 3) able to form heteroligomers with wt-AQP2.
Because of these characteristics, they cause missorting of wt-AQP2 (Mulders et al., 1998; Kamsteeg et al., 1999;
Kuwabhara et al., 2001; Marr et al., 2002b; Kamsteeg et al., 2003). In contrast, AQP2 mutants in recessive NDI are
misfolded, retained in the ER and unable to interact with wt-AQP2 (Marr et al., 2002a; Deen et al., 1994;
Kamsteeg et al., 2000b). Indeed, like other mutations in dominant NDI (Mulders et al., 1998; Kuwahara et al.,
2001; Marr et al., 2002b; Kamsteeg et al., 2003), upon expression in oocytes and MDCK cells, AQP2-p.R254Q
was observed to be a functional water channel of 29 and 40-45 kDa and retained in the cell, but not in the ER, as
revealed by the absence of 32 kDa high-mannose bands (Fig. 1). Also, AQP2-p.R254Q formed heteroligomers
with wt-AQP2 and impaired the further trafficking of wt-AQP2 to the plasma membrane (Figs. 1C and 2C).
Therefore, similar to other mutants in dominant NDI, AQP2-p.R254Q is likely to cause dominant NDI in this
particular NDI patient by inhibiting the trafficking of enough wt-AQP2 to the apical membrane of the principal
cells. And due to this dominant negative feature of p.R254Q mutation, presence of wt-AQP2 in the heterozygous
patient would not rescue the phenotype by providing simply 50% of functional channels.

In oocytes, wt-AQP?2 is always maximally phosphorylated. Similar to polarized cells, however, phosphorylation
of AQP2 at S256 is also essential in these cells, because AQP2-p.S256A is retained in vesicles, whereas AQP2-
p-S256D, which mimics continuously phosphorylated AQP2, is completely localized in the plasma membrane
(Kamsteeg et al., 2000a). Consistent with an impaired phosphorylation of S256 in AQP2-p.R254Q), this protein
was retained to a similar extent in oocytes as AQP2-p.S256A (Fig. 1). Also, immunoblotting of membranes of
injected oocytes with antibodies recognizing S256-phosphorylated AQP2 (Christensen et al., 2000) did not reveal
any signal for AQP2-p.R254Q, whereas wt-AQP2 was well detected (not shown).

Additional evidence was obtained from transfected MDCK cells. First, the distribution and size of AQP2-
p-R254Q-containing vesicles was alike those of wt-AQP2 in unstimulated cells and of AQP2-p.S256A (Fig. 2B;
(Van Balkom et al., 2002)). Moreover, neither one of these proteins co-localized with marker proteins of the ER,
cis-median Golgi complex, TGN, late endosomes/lysosomes or basolateral membrane (not shown), but showed a
similar level of co-localization with the endosomal marker protein EEA1 (Fig. 2B). Most convincingly, however,
forskolin treatment did not increase phosphorylation of AQP2-p.R254Q or AQP2-p.S256A, in contrast to wt-
AQP2 (Fig. 3A), and introduction of the ‘constitutive phosphorylation’ mutation p.S256D, which resulted in the
steady state apical membrane localization when introduced in wt-AQP2 (Van Balkom et al., 2002), also rescued
the apical membrane expression of AQP2-p.R254Q (Fig. 3C).
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It has been well-accepted that phosphorylation of S256 is essential for AQP2 trafficking. Non-
phosphorylatable AQP2-p.S256A mutant showed impaired trafficking to the plasma membrane in several cell
culture studies (Fushimi et al., 1997; Katsura et al., 1997; Kamsteeg et al., 2000a; Van Balkom et al., 2002). Using
antibodies recognizing phosphorylated AQP2, it has been also been shown that AQP2 is phosphorylated at S256 in
vivo (Nishimoto et al., 1999; Christensen et al., 2000). Same as AQP2-p.R254L, AQP2-p.R254Q is only impaired
in its phosphorylation of S256 and causes dominant NDI, suggesting the fundamental importance of AQP2
phosphorylation at S256 in vivo.

The p.R254Q mutation is a dominant NDI due to a loss of function mutation

Different AQP2 mutants in dominant NDI are missorted to different locations within the cell. Except AQP2-
p.R254L, all six other AQP2 mutants described are thought to be missorted due to a signal introduced with the
mutation. In oocytes, AQP2-p.E258K is retained in the Golgi complex region. Deletion of the region surrounding
E258, however, greatly restored its plasma membrane expression, which indicated that the introduction of a Lys
instead of the loss of E258 caused the dominant feature (Mulders et al., 1998). AQP2-¢c.779_780insA, which leads
to an +2 reading frame shift of the AQP2 C-tail was targeted to the basolateral membrane, because of two
introduced basolateral sorting signals in its mutant C-terminal tail (Kamsteeg et al., 2003). Although starting at
different positions, the other four described mutations (c.721delG, c.727delG, ¢.763_772del and c.812_818del)
introduce a +1 reading frame shift, which results in a similar extended C-terminal tail. Studies in polarized cells,
revealed that AQP2-727delG accumulates in late endosomes/lysosomes and, to some extent, in the basolateral
plasma membrane of MDCK cells (Marr et al., 2002b), whereas the other three mutants have been reported to
localize to the basolateral membrane. Since the extended tail in AQP2-812_ 818del starts only at the stop codon of
wt-AQP2 and the extended tails contain a di-leucine motif, which is a known basolateral membrane targeting motif
(Heilker et al., 1999), the dominancy of these mutants in NDI is suggested to be due to this introduced basolateral
sorting signal.

In contrast to the above mutants which introduce a missorting signal, AQP2-p.R254Q caused dominant NDI,
same as AQP2-p.R254L, is due to the loss of function of wt-AQP2, namely the phosphorylation at S256.
Consistent with this, AQP2-p.R254Q seems to accumulate in the vesicles in which unstimulated wt-AQP2 and
AQP2-p.S256A also reside, and upon stimulation impairs the trafficking of wt-AQP2 to the similar level as AQP2-
p.S256A (Fig. 2).

However, many, if not all, membrane proteins are continuously transported between several organelles along
microtubular and actin cytoskeletal systems (Sonnichsen et al., 2000; Rohn et al., 2000; Ghosh et al., 1998). The
predominant subcellular localization of the protein in such a dynamic equilibrium is then determined by several
factors, including the activity of protein kinases and phosphatases (Molloy et al., 1999; Bao et al., 2000). In
parallel, it has been shown that in renal collecting duct and/or transfected cells, AQP2 is continuously shuttled
between intracellular vesicles and the apical plasma membrane (Strange et al., 1988; Brown et al., 1988) and that
the predominant localization of AQP2 (intracellular vesicles or plasma membrane) in a steady state (without or
with AVP stimulation, respectively) is determined by whether AQP2 is phosphorylated or not (Wade et al., 1981;
Katsura et al., 1997; Nielsen et al., 1995). Indeed, AQP2-p.S256A, which mainly resided in intracellular vesicles
of LLC-PK1 cells, appeared to continuously cycle between these vesicles and the plasma membrane, as blocking
endocytosis resulted in its accumulation at the plasma membrane (Sun et al., 2002; Lu et al., 2003). AQP2-
p-R254Q, which seemed to accumulate in storage vesicles that also harbour non-phosphorylated wt-AQP2 or
AQP2-p.S256A, is therefore also likely to cycle to the plasma membrane. This is partly underscored by the partial
co-localization of wt-AQP2, AQP2-p.S256A and AQP2-p.R254Q with EEA1 (Fig. 2), which is known to regulate
the endosome docking and fusion with the plasma membrane in the exocytotic process (Christoforidis et al., 1999).

Fluid deprivation test and dDAVP infusion have been reported to increase renal AQP2 expression (Nielsen et
al., 1993; van Os et al., 1994). Although this will presumably not result in increased phosphorylation of AQP2, and
thus not in a changed distribution of AQP2-p.R254Q/wt-AQP2 complexes in the renal cells, the increased wt-
AQP2 and AQP2-p.R254Q expression levels will result in higher total amounts of wt-AQP2/AQP2-p.R254Q
complexes in the apical membrane. This might provide an explanation for the weak ability of the AQP2-p.R254Q
patient to concentrate her urine, from 58 to 220 and 258 mOsmo/ kgH,0, upon the fluid deprivation test and
dDAVP infusion, respectively (Fig. 4).
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Figure 4. Hypothesis to explain the increased urine osmolality in the dominant NDI patient. Besides continuous cycling,
AQP2 translocates from intracellular vesicles to the apical membrane under antidiuretic conditionin in healthy individuals
(upper panel). In the AQP2-p.R254Q dominant NDI patient, translocation of AQP2 to the apical membrane is impaired
(lower left panel), which can be rescued upon dehydration, or administration of dDAVP (lower right panel).

Furthermore, McDill et al. reported that due to the lack of S256 phosphorylation by PKA, a p.S256L mutation
in AQP2 caused congenital NDI in mice (McDill et al., 2006). Interestingly, although both result in the loss of
phosphorylation at S256, the p.S256L mutation causes recessive NDI in mice, whereas the R254 mutations cause
dominant NDI in humans. In contrast to our in vitro experiments, a considerable portion of wt-AQP2 (and possibly
AQP2-S256L) was found in the apical membrane of the AQP2-p.S256L heterozygote. This clearly indicates that
with AQP2 mutants interacting with wt-AQP2, the relative strength of the apical sorting signal in wt-AQP2 vs. the
missorting signal in the AQP2 mutant determines recessive or dominant NDI, and that the mutation and its
location within the AQP2 C-tail determines the strength of the apical sorting signal.

In conclusion, we identified that the mutation AQP2-p.R254Q causes dominant NDI, due to a lack of AVP-
induced phosphorylation of S256 in the mutant protein and translocation to the plasma membrane. These data also
illuminate that AQP2 phosphorylation at S256 is important for its translocation to the apical membrane in vivo and
reveal that in this reported patient the dominant NDI is caused by a loss of function mutation instead of a gain of
misfunction. As a dominant negative mutant, AQP2-p.R254Q likely retains complex wt-AQP2 in storage vesicles
from which they likely recycle to a low extent to the apical membrane. Therefore, the slightly-improved urine
concentrating ability and reduced polyuria with the dehydration and dDAVP treatment may be explained by
increased wt-AQP2/AQP2-p.R254Q expression levels.
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