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Abstract To stimulate renal water reabsorption, vasopres-
sin induces phosphorylation of Aquaporin-2 (AQP2) water
channels at S256 and their redistribution from vesicles to
the apical membrane, whereas vasopressin removal results
in AQP2 ubiquitination at K270 and its internalization to
multivesicular bodies (MVB). AQP2-E258K causes domi-
nant nephrogenic diabetes insipidus (NDI), but its subcel-
lular location is unclear, and the molecular reason for its
involvement in dominant NDI is unknown. To unravel
these, AQP2-E258K was studied in transfected polarized
Madin–Darby canine kidney (MDCK) cells. In MDCK
cells, AQP2-E258K mainly localized to MVB/lysosomes
(Lys). Upon coexpression, wild-type (wt) AQP2 and
AQP2-E258K formed multimers, which also localized to
MVB/Lys, independent of forskolin stimulation. Ortho-
phosphate labeling revealed that forskolin increased phos-
phorylation of wt-AQP2 and AQP2-E258K but not
AQP2-S256A, indicating that the E258K mutation does
not interfere with the AQP2 phosphorylation at S256. In
contrast to wt-AQP2 but consistent with the introduced
protein kinase C (PKC) consensus site, AQP2-E258K was

phosphorylated by phorbol esters. Besides the 29-kDa band,
however, an additional band of about 35 kDa was observed
for AQP2-E258K only, which represented AQP2-E258K
uniquely monoubiquitinated at K228 only. Analysis of several
mutants interfering with AQP2-E258K phosphorylation, and/
or ubiquitination, however, revealed that the MVB/lysosomal
sorting of AQP2-E258K occurred independent of its mono-
ubiquitination or phosphorylation by PKC. Instead, our data
reveal that the loss of the E258 in AQP2-E258K is
fundamental to its missorting to MVB/Lys and indicate that
this amino acid has an important role in the proper structure
formation of the C-terminal tail of AQP2.
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Introduction

Regulating water homeostasis in the body is one of the
major features of the mammalian kidney. From the vast
amount of prourine adult humans produce each day
(180 l), most of the water content is constitutively
reabsorbed in the renal proximal tubules and descending
limbs of Henle. Uptake of the remaining water, which still
is 10–20 l per day, is under tight control of the
antidiuretic hormone arginine vasopressin (AVP). Upon
hypernatremia or hypovolemia, AVP is released from the
pituitary and binds to its vasopressin type-2 receptor
(V2R) in the basolateral membranes of principal and inner
medullary collecting duct cells. This binding initiates a
cyclic adenosine monophosphate (cAMP) signaling cas-
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cade, which leads to the phosphorylation of the Aquaporin-2
(AQP2) water channel at Ser256 and presumably other
proteins. Subsequently, intracellular vesicles containing
AQP2 fuse with the apical membrane enabling water to enter
the cell via the apical membrane and leave the cell via AQP3
and AQP4 water channels located at the basolateral membrane
[8, 42].

In acquired and congenital nephrogenic diabetes insip-
idus (NDI), the AVP-induced renal water reabsorption is
impaired, and urine is not efficiently concentrated, although
blood AVP levels are often increased [34]. In congenital
NDI, mutations in the V2R gene (AVPR2; NM_000054.2)
cause the X-linked form, while mutations in the AQP2 gene
(NM_000486.3) cause the autosomal recessive and domi-
nant forms of NDI [1–3, 7, 27, 29, 35, 39, 47, 48].
Mutations in the AQP2 gene in recessive NDI lead to AQP2
proteins that are retained in the endoplasmic reticulum
(ER), presumably because of misfolding [4, 25]. Their
inability to form oligomers, which is a normal characteristic
of wild-type (wt) AQP2, also precludes interaction with wt-
AQP2 [18, 21]. The unaffected sorting of wt-AQP2 in the
presence of these mutants provides an explanation for the
recessive nature of inheritance.

The first AQP2 mutation identified in dominant NDI was
c.772G>A (p.Glu258Lys). Expression studies in Xenopus
laevis oocytes revealed that this mutant, referred to as
AQP2-E258K, is not retained in the ER but was missorted
to the Golgi complex region, whereas wt-AQP2 in these
cells is always in the plasma membrane [29]. Furthermore,
AQP2-E258K was able to heteroligomerize with wt-AQP2
and keep this wt/mutant oligomer from the plasma
membrane, explaining the dominant inheritance of NDI
[21]. Subsequent analysis of other AQP2 mutants revealed
that heteroligomerization and missorting of the wt-AQP2/
mutant complexes is the common cellular mechanism in
dominant NDI [17, 23, 26]. The subcellular organelle in
which AQP2-E258K alone or when complexed with wt-
AQP2 resides remained unclear. Moreover, the molecular
mechanism by which AQP2-E258K causes dominant NDI
is unknown. Because oocytes are not epithelial cells, some
AQP2 mutants in dominant NDI are sorted to other
subcellular destinations in these cells than in epithelial
cells, and wt-AQP2 is constitutively phosphorylated in
oocytes, these cell may not represent the best model to
analyze AQP2-E258K. In contrast, Madin–Darby Canine
Kidney (MDCK) cells are derived from renal collecting
ducts [16] and display similar regulation of exogenous
AQP2 as observed in vivo (i.e., AVP causes AQP2
translocation from intracellular vesicles to the apical plasma
membrane) [5]. Therefore, we here characterized the
subcellular localization of AQP2-E258K, its role in
dominant NDI, and the molecular reason for its involve-
ment in dominant NDI in detail in the MDCK cells.

Materials and methods

Expression constructs

For expression in MDCK cells, the AQP2-E258K cDNA
fragment was digested from pT7Ts-AQP2-E258K [29] with
SpeI and BglII and cloned into the BglII and XbaI sites of
pCB6. To generate a eukaryotic expression construct
encoding FLAG-tagged wt-AQP2 (F-AQP2), pBSKSII+-
F-AQP2 [21] was digested with NotI, blunted and digested
with HindIII, and the obtained F-AQP2 cDNA fragment
was ligated into the HindIII and blunted KpnI site of
pCB7ΔBHI, which also contains a hygromycin resistance
cassette. The construct encoding F-AQP2-E258K was made
from the latter one by replacement of the internal BamHI–
KpnI AQP2 cDNA fragment with that of pT7Ts-AQP2-
E258K. To create cDNAs that encode the ubiquitination-
defective or phosphorylation state-specific mutants, desired
mutations were introduced by the QuickChange in vitro
mutagenesis system, followed by sequencing and subclon-
ing of the mutated cDNA fragments. Electronic files of the
constructs are available upon request.

Cell culture and transfection

MDCK type I cells expressing wt-AQP2, AQP2-S256A,
GFP-AQP2, or AQP2-Ub have been described [5, 20, 26].
MDCK cells were grown and stably transfected as
described [6]. For hygromycin selection, a concentration
of 75 μg/ml was used for up to 10 days. To select
representative stably transfected cell lines, the obtained
clones were analyzed for expression of the heterologous
protein by immunoblotting and proper morphology of the
cells. Subsequently, of at least four independent clones, the
intracellular localization of the expressed protein was
determined by immunocytochemistry and confocal laser
scanning microscopy (CLSM). For this, cells were pre-
incubated overnight with 5×10−5 M of the prostaglandin
synthesis inhibitor indomethacin, to reduce basal intracel-
lular cAMP levels, and incubated the next day with or
without 5×10−5 M of the adenylate cyclase-activating drug
forskolin (in the presence of indomethacin) to induce AQP2
translocation to the apical membrane [5]. When the
subcellular localization pattern was consistent for at least
three out of four clones, one or two of these clones were
selected for further studies.

For transient transfection, cells were seeded at a density
of 1.5×105/cm2. The next day, these cells were transfected
using Lipofectamine 2000 reagent (Invitrogen, Carlsbad,
CA). For this, 1.5 μg of DNA and 4.5 μg Lipofect-
amine2000 per cm2 of cell culture dish was separately
diluted with Opti-MEM I medium (Biowithaker, Europe)
and left for 5 min. Subsequently, the two solutions were
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mixed, left at room temperature for 15 min, dropwise added
to the culture dish containing the cells, and left for 3 h at
37°C. Subsequently, the mixture was removed, and cells
were grown further in Dulbecco’s modified Eagle’s medium
(DMEM) with 5% fetal calf serum for 3 days after which
they were immunocytochemically analyzed. Stable clones
from these transfections were obtained by picking single
clones after growth on selection drug for 10 days. A
minimum of three cell lines per mutant were analyzed for
consistency of results.

COS-7 cells were grown in alpha-modified Eagle’s
medium (MEM), supplemented with 10% fetal bovine
serum and 2mM L-glutamine, and were transfected with
Lipofectamin-2000 (Invitrogen).

Side-specific biotinylation, orthophosphate,
and pulse-chase labeling, and immunoprecipitation

Side-specific biotinylation [6] and orthophosphate labeling
[45] of AQP2-expressing cells were performed as de-
scribed. Where indicated, forskolin (10−5 M) or Phorbol
12-myristate 13-acetate (PMA, 10–7 M) were added to the
in culture medium. Before the experiments, the cells were
incubated overnight with indomethacin (5×10–5 M). For
pulse-chase labeling, cells were grown in 6-cm tissue
culture dishes, washed with phosphate-buffered saline
(PBS) and incubated for 30 min with methionine- and
cysteine-free MEM (Sigma, St. Louis, MO). The cells were
labeled for 30 min at 37°C with 0.2 mCi/ml 35S
methionine/cysteine (Redivue Promix, Amersham) and
chased for different periods of time in DMEM, 10% fetal
calf serum, 1 mM methionine, and 1 mM cysteine. Cells
were lysed in 1 ml 1% Triton X-100, 50 mM Tris pH 7.4,
1 mM ethylene diamine tetraacetic acid, and a protease
inhibitor mix (Complete mini, Roche) on ice. Detergent
lysates were centrifuged at 14,000 rpm for 5 min to remove
insoluble debris. Next, lysates were precleared by incuba-
tion with bovine serum albumin (BSA)-coated protein A
beads for 1 h at 4°C. The supernatants were then transferred
to a fresh tube and incubated with anti AQP2 antibody-
coated beads for 2 h at 4°C. Beads were washed three times
at room temperature for 5 min with 0.05% Triton X-100,
0.1% sodium dodecyl sulfate (SDS), 0.3 M NaCl, 10 mM
Tris–HCl pH 8.6, and then resuspended in 25 μl Laemmli
sample buffer (2% SDS, 50 mM Tris, pH 6.8, 12%
glycerol, 0.01% Coomassie Brilliant Blue, 100 mM
dithiothreitol).

For immunoprecipitations in orthophosphate-labeling
experiments, 10 μl protein A agarose beads (Kem-En-Tec
A/S, Copenhagen, Denmark) per sample was washed twice in
lysis buffer, 1% BSA. Per sample, 4 μl of rabbit 7 anti-AQP2
antibodies was added to protein-A beads in 400 μl lysis buffer
and rotated overnight at 4°C. These antibodies were raised

against the 15 COOH-terminal amino acids of rat AQP2 [4].
Then, the protein A-antibody beads were washed twice in
ice-cold lysis buffer and incubated with cell supernatant for
16 h after washing four times with lysis buffer containing
phosphatase inhibitors, proteins were liberated from the
beads using 30 μl of Laemmli sample buffer. Proteins were
incubated for 30 min at 37°C and resolved by SDS-
polyacrylamide gel electrophoresis (PAGE) on 12.5% gels.
Quantification of immunoprecipitated AQP2 was done by
phosphoimaging (pulse-chase labeling) or by comparison of
densitometrically scanned immunoblot signals with a two-
fold dilution series of wt-AQP2/AQP2-E258K. Analysis of
variance (ANOVA) analyses was used to calculate the
p value of the differences between groups.

SDS-PAGE and immunoblotting

Protein samples were denatured, separated by SDS-PAGE,
and immunoblotted as described [4]. Primary antibodies
used were: affinity-purified rabbit AQP2 antibodies [4]
diluted 1:3,000 in Tris-buffered saline–Tween-20 (TBS-T)
and ubiquitin monoclonal antibodies (SPA 203, Stressgen
Biotechnologies, Canada; or Ubu-1, Zymed, San Francisco,
CA) diluted 1:2,000 in TBS-T with 5% nonfat dried milk.
Subsequently, goat anti-rabbit antibodies (1:5,000 in TBS-
T, Sigma) or sheep anti-mouse antibodies (1:2,000 in TBS-
T, Sigma), both coupled to horse radish peroxidase, were
used. Proteins were visualized using enhanced chemilumi-
nescence (Pierce). SDS-polyacrylamide gels loaded with
32P-labeled samples were dried before exposure to film.

Immunocytochemistry

Growth of cells, their treatment with indomethacin and
forskolin, and immunocytochemistry were performed as
reported [6] A 1:100 dilution of affinity-purified rabbit anti-
AQP2 antibodies, guinea pig anti-AQP2 antibodies, or
monoclonal antibodies against FLAG (M2, Sigma) were
used alone or in combination with one of the following
organelle marker antibodies: 1:100 dilution of rabbit anti
GOS28 antibodies [41] and 1:100 dilution of monoclonal
antibodies against Golgi 58K protein (Sigma) or 1:200
dilution of monoclonal antibodies (clone AC17) against the
late endosomal/lysosomal marker Lamp2 [31] (kindly
provided by Dr. Le Bivic, Marseille, France). All antibodies
were diluted in goat serum dilution buffer (GSDB; PBS
containing 16% goat serum, 0.3% Triton-X100 [except for
the Lamp2 antibodies, which were in 0.3% saponin], 0.1%
BSA, and 300 mM NaCl). For labeling lysosomes (Lys),
the cells were loaded with 75 nM LysoTracker Red DND-
99 (Molecular Probes Eugene, OR) for 90 min before
fixation with paraformaldehyde, according to the manufac-
turer’s protocol. Subsequently, the filters were incubated
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with a 1:100 dilution of secondary antibodies coupled to a
fluorescent dye (Alexa Fluor ™ 594 or 488 goat anti-rabbit,
goat anti-guinea pig or goat anti-mouse, Molecular Probes)
or goat anti-mouse Cy5 antibodies (Sigma) in GSDB for
45 min. Next, filters were washed and mounted on glass
slides with Vectashield (Vector Labs, Burlingame, CA).
Images were obtained with a Bio-Rad confocal laser
scanning imaging system using a ×60 oil-immersion
objective. As a control, nontransfected MDCK cells
revealed no labeling (data not shown).

Densitometrical analysis

Each signal was scanned with a GS-690 Imaging Densi-
tometer (Biorad, California, USA) and quantified with the
“molecular analyst” analysis program. Only signals in the
linear exposure range of the films were used. The densities
of the twofold dilution series of wt-AQP2 were used as a
(linear) standard for semiquantification of the amounts of
expressed AQP2 (in arbitrary units).

Results

In MDCK cells, AQP2-E258K is retained in multivesicular
bodies/lysosomes

To establish in which organelle(s) AQP2-E258K locates,
several stably expressing MDCK cell lines were selected,
and a representative clone was used in further experiments.
To determine the cAMP responsiveness of AQP2-E258K,
MDCK-AQP2-E258K cells were pretreated with indometh-
acin and subsequently stimulated with forskolin or not and
subjected to immunocytochemistry with AQP2 antibodies.
Subsequent CLSM analysis revealed that with or without
forskolin stimulation, AQP2-E258K was localized in
vesicular structures (Fig. 1a, upper panel). As shown before
[5], wt-AQP2 is localized in intracellular vesicles without
stimulation but is translocated to the apical membrane after
forskolin stimulation (Fig. 1a, lower panel). Cell surface
biotinylation assays confirmed the absence of apical surface
expression of AQP2-E258K before and after forskolin
stimulation and the increase in apical surface expression
of wt-AQP2 after forskolin stimulation (Fig. 1b). The
absence of apical AQP2-E258K expression was not due to
a low expression level because this mutant was expressed at
higher levels than wt-AQP2 (Fig. 1b).

To analyze the subcellular localization of AQP2-E258K
further, MDCK-AQP2-E258K and unstimulated MDCK-
AQP2 cells were subjected to colocalization studies using
several antibodies against organelle marker proteins in com-
bination with AQP2 antibodies. CLSM analysis revealed that
both AQP2-E258K and wt-AQP2 did not colocalized with

marker proteins for the cis- (GOS28; Fig. 2a), medial-
(Mannosidase II) or trans- (Giantin, 58K) Golgi complex
before or after forskolin stimulation (not shown). However, a
substantial overlap of AQP2-E258K but not wt-AQP2
expression was observed with the multivesicular bodies
(MVB)/Lys marker Lamp2 (Fig. 2b). This localization of
AQP2-E258K did not change with forskolin treatment (not
shown).

Fig. 1 AQP2-E258K retains in intracellular vesicles in MDCK cells
after stimulation of the PKA pathway. a MDCK cells expressing wt-
AQP2 or AQP2-E258K were grown to confluence on semipermeable
filters, pretreated with indomethacin and left untreated (minus sign) or
treated for 45 min with forskolin (forskolin). After fixation and
permeabilization, the filters were incubated with rabbit anti-AQP2
antibodies and then with Alexa 594 (wt-AQP2 cells) or Alexa 488
(AQP2-E258K cells) conjugated anti-rabbit antibodies. Confocal
images were made in the XY and XZ planes. b MDCK cells
expressing wt-AQP2 or AQP2-E258K (indicated) were grown as
under a, left untreated (minus sign) or were treated with forskolin (F)
and subjected to apical cell surface biotinylation assays. Biotinylated
proteins were precipitated with streptavidin–agarose beads and
immunoblotted for AQP2 (apical). A sample of the lysed cells was
immunoblotted in parallel to visualize the amount of AQP2 protein
expressed (lysate). The mass of the observed proteins is indicated in
kDa on the right
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Upon coexpression, AQP2-E258K retains wt-AQP2
in MVB/Lys

In Xenopus oocytes, heteroligomerization of expressed wt-
AQP2 and AQP2-E258K resulted in a reduced plasma
membrane expression of wt-AQP2 [29], but the subcellular
localization of the complex was not studied. To visualize
double- and wt-AQP2-only-transfected cells in one prepa-
ration, MDCK cells stably expressing green fluorescent
protein (GFP)-tagged wt-AQP2 (G-AQP2) were transfected
with F-AQP2-E258K and subjected to immunocytochem-
istry using FLAG antibodies. CLSM analysis revealed that
in cells expressing both proteins, G-AQP2 and F-AQP2-
E258K mainly colocalized in an intracellular compartment,
independent of forskolin stimulation (Fig. 2c). In contrast
and as shown before [25], in cells only expressing
G-AQP2, it localizes in the apical membrane, again
independent of forskolin stimulation (Fig. 2c).

Treatment of MDCK cells with LysoTracker Red, a
fluorescent compound that accumulates in acidic compart-
ments like Lys [43], followed by immunocytochemistry
using FLAG antibodies revealed that heteroligomers of G-
AQP2 (green signal) and F-AQP2-E258K (blue signal)

localize to MVB/Lys (Fig. 2d; with equal intensities of
green, blue, and red; white signals are obtained in the
merge). Again, this colocalization of G-AQP2 and
F-AQP2-E258K in MVB/Lys was not changed by forskolin
stimulation (not shown). Taken together, these data indicate
that upon coexpression in MDCK cells, F-AQP2-E258K
heteroligomerizes with wt-AQP2 and missorts the complex
primarily to MVB/Lys.

AQP2-E258K displays a decreased half-life compared
to wt-AQP2

Because mature proteins targeted for degradation are sorted
to MVB/Lys, we determined whether AQP2-E258K is less
stable than wt-AQP2. To investigate this, MDCK cells
expressing AQP2-E258K or wt-AQP2 were subjected to
radio-labeled pulse-chase experiments. After a pulse of
30 min and a subsequent chase of several time periods, the
cells were lysed, and AQP2 proteins were immunoprecipi-
tated and subjected to SDS-PAGE. Autoradiographs of the
gel revealed the typical bands for unglycosylated (29 kDa),
high-mannose glycosylated (32 kDa), and complex-glyco-
sylated (40–45 kDa) bands of both wt-AQP2 and AQP2-

Fig. 2 AQP2-E258K is missorted to and
retains wild-type AQP2 in multivesicular bod-
ies/lysosomes. a–d MDCK cells stably
expressing different AQP2 proteins were grown
and treated as described in the legend of Fig. 1.
a MDCK-AQP2-E258K (indicated on the top)
cells were incubated with guinea-pig AQP2 and
rabbit GOS28 antibodies, followed by Alexa
488 conjugated anti-guinea pig and Alexa 594
conjugated anti-rabbit IgGs. Shown are the
single (AQP2, GOS28) and merged (Merge)
images. b MDCK cells stably expressing wt-
AQP2 or AQP2-E258K (indicated on the left)
were incubated with rabbit AQP2 antibodies
and monoclonal antibodies recognizing the
MVB/Lys marker protein Lamp2, followed by
Alexa 488 conjugated anti-rabbit and Alexa
594 conjugated anti-mouse IgGs. Shown are
the single (AQP2, Lamp2) and merged (Merge)
images. c MDCK cells stably expressing GFP-
tagged AQP2 (G-AQP2) were transiently
transfected with an expression construct
encoding FLAG-tagged AQP2-E258K (F-
AQP2-E258K). Cells were subjected to immu-
nocytochemistry with mouse FLAG antibodies,
followed by Alexa 594-labelled secondary
antibodies. d The same cells as in c were
incubated with LysoTracker Red (LysoTracker)
for 90 min before the cells were fixed. Then,
the filters were subjected to immunocytochem-
istry with monoclonal antibodies against
FLAG, followed by Cy5 conjugated anti-mouse
antibodies. Shown are the single and merged
(merge) images
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E258K (Fig. 3a). It is interesting to note that a weak
additional band of ~35 kDa was observed after 1, 3, and 6 h
of chase for AQP2-E258K only (Fig. 3a, arrow). Phos-
phoimager quantification analysis of the 29 kDa signals
(Fig. 3b) revealed that the half-life of AQP2-E258K is
about 7 h, while this is about 12 h for wt-AQP2, as reported
[13]. Inhibition of lysosomal degradation with chloroquin
abolished the difference in degradation between wt-AQP2
and AQP2-E258K, as reported [14]. This indicated that
AQP2-E258K is less stable than wt-AQP2 because of
lysosomal degradation.

Putative mechanisms underlying the missorting
of AQP2-E258K

Next, we wished to identify a possible cause of the
missorting of AQP2-E258K to MVB/Lys. Three putative

causes for the missorting come to mind. (1) Because the
E258K mutation is close to S256, which phosphorylation
by (presumably) protein kinase A (PKA) is essential for
translocation of AQP2 to the plasma membrane [9, 19, 22,
45], the E258K mutation could interfere with S256
phosphorylation. In addition, the E258K mutation introdu-
ces a putative protein kinase C (PKC) phosphorylation site
(SXK/R). As wt-AQP2 is not phosphorylated by PKC, as
analyzed after PMA treatment [45], a change in phosphor-
ylation of AQP2-E258K by PKA and/or PKC could be
fundamental to its missorting. (2) Ubiquitination is a post-
translational modification of lysine residues and has a role
in endocytosis and subsequent lysosomal degradation.
wt-AQP2 is short-chain ubiquitinated, which induces its
endocytosis and subsequent sorting to MVB/Lys [20].
Therefore, AQP2-E258K missorting could be caused by
additional ubiquitination of the introduced lysine at position

Fig. 2 (continued)
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258, resulting in increased endocytosis and lysosomal
targeting. (3) The glutamic acid at position 258 may be
essential for proper sorting.

Increased phosphorylation by the protein kinase C pathway
and monoubiquitination of AQP2-E258K

To determine whether AQP2-E258K lacks phosphorylation
by PKA or is phosphorylated by PKC, MDCK cells
expressing AQP2-E258K, wt-AQP2, or AQP2-S256A
(which cannot be phosphorylated at position 256) were
subjected to orthophosphate labeling, left untreated, or
treated with forskolin, PMA, or both forskolin and PMA.
After lysis and AQP2 immunoprecipitation, half of each
sample was subjected to SDS-PAGE and the gel exposed to
film (Fig. 4a, top), while the other half was immunoblotted
for AQP2 (Fig. 4a, middle). Forskolin treatment resulted in

an increased level of phosphorylation of both wt-AQP2 and
AQP2-E258K (Fig. 4a), indicating that both proteins are
phosphorylated by PKA. It is interesting to note that PMA
indeed increases the phosphorylation of AQP2-E258K
(Fig. 4a). Moreover, PMA and forskolin have an additive
effect on the phosphorylation of AQP2-E258K. The
increased signal of phosphorylated AQP2 was not due to
increased expression levels because the Western blot
revealed similar total AQP2 levels for all conditions. The
control, AQP2-S256A, was well expressed but was not

Fig. 4 AQP2-E258K phosphorylation by PKA and PKC, and its
mono-ubiquitination. a Cells expressing wt-AQP2, AQP2-E258K
(E258K), or AQP2-S256A (S256A) were grown, treated with only
indomethacin (I) or together with forskolin (IF), PMA (IP), or both
(IFP) for 3 h, after 32[P]-orthophosphate labeling. Then, the cells were
lysed and the AQP2 proteins were immunoprecipitated (IP: AQP2).
The immunoprecipitates were split in two portions of which one was
separated on SDS-PAGE and autoradiographed (32P), while the other
was immunoblotted for AQP2 (IB: AQP2, middle panel). An identical
experiment was performed in parallel, of which the immunoprecipi-
tates were not split into two portions but immunoblotted entirely,
followed by a long exposure (bottom panel) b Nontransfected MDCK
cells (minus sign) or those expressing wt-AQP2, AQP2-E258K, or F-
AQP2-E258K were grown to confluence, lysed, and subjected to
AQP2 immunoprecipitation (IP: AQP2). Subsequently, 90% of each
sample was immunoblotted for ubiquitin (IB: Ub), while 10% was
immunoblotted for AQP2 (IB: AQP2). The mass of marker proteins is
given in kDa on the right

Fig. 3 AQP2-E258K is less stable than wt-AQP2. a MDCK cells
expressing wt-AQP2 or AQP2-E258K were subjected to radio-labeled
pulse-chase experiments. After a pulse of 30 min and a chase for the
indicated time points, the cells were lysed. AQP2 proteins were
precipitated and subjected to SDS-PAGE. The arrow points at the
~35-kDa form of AQP2-E258K. The mass of the observed proteins
are indicated in kDa on the right. b Quantification of the non-
glycosylated AQP2 signals (29 kDa) from three experiment (of which
a is representative) was done with a phosphoimager and plotted in
arbitrary units (amount (a.u.+/-SEM)). ANOVA analysis indicated that
the difference between wt-AQP2 and AQP2-E258K was significant
(p<0.01). The diamonds indicate AQP2-E258K, whereas the squares
indicate wt-AQP2
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labeled after forskolin treatment, indicating that orthophos-
phate labeling of wt-AQP2 and AQP2-E258K occurred
at S256.

Interestingly and consistent with the pulse-chase experi-
ments (Fig. 3), AQP2-E258K showed an additional band of
about 35 kDa in the orthophosphate-labeling experiments
(Fig. 4a, top) and with AQP2 immunoblotting after
amplification of the immunoblot signal and a long exposure
time (Fig. 4a, lower panel). This indicates that a pool of
AQP2-E258K is not only phosphorylated, but also modi-
fied otherwise. Because ubiquitin has a size of about
7–9 kDa, the observed 35-kDa protein could represent
monoubiquitinated AQP2-E258K. To test this, cells
expressing wt-AQP2, AQP2-E258K, or F-AQP2-E258K
were grown to confluence, lysed, and subjected to AQP2
immunoprecipitation. The sample was split into two
fractions of which one was immunoblotted for ubiquitin,
while the other was immunoblotted for AQP2. Ubiquitin
detection indeed revealed a band of 35 kDa in the lane of
AQP2-E258K (Fig. 4b, arrows), which was not present in
the lane of wt-AQP2. Importantly, an ubiquitinated band of
about 37 kDa was detected in the lane of F-AQP2-E258K
cells, which is consistent with a 2-kDa increase in size of
monoubiquitinated AQP2-E258K because of the FLAG tag.
The absence of monoubiquitinated wt-AQP2 was not due to
differences in total immunoprecipitated AQP2 (Fig. 4b,
bottom). Besides these bands, many higher ubiquitinated
bands of similar sizes (Fig. 4b, top) were detected in the
lanes of all three AQP2 proteins. These bands were AQP2
specific as no ubiquitinated proteins were detected in AQP2
immunoprecipitates from untransfected cells (Fig. 4b, left
lane).

Altogether, these data revealed that the E258K mutation
does not interfere with S256 phosphorylation by PKA but
introduces S256 phosphorylation by PKC and additional
monoubiquitination.

Prevention of AQP2-E258K-specific ubiquitination,
which occurs at K228, still targets AQP2-E258K
to multivesicular bodies/lysosomes

Monoubiquitination at K270 targets wt-AQP2 to MVB
[20]. Therefore, to determine whether the increased mono-
ubiquitination of AQP2-E258K causes its missorting, we
changed, besides K258 itself, each luminal lysine (K228,
K238, and K270) in AQP2-E258K into an arginine.
Besides, we also replaced all four lysines by an arginine
(AQP2-4K>R). After transient expression of these con-
structs, wt-AQP2 and AQP2-E258K in COS-7 cells, the
AQP2 proteins were immunoprecipitated and immunoblot-
ted for AQP2. It is surprising to note that a lack of
monoubiquitination was only observed for AQP2-K228R
and AQP2-4K>R, indicating that AQP2-E258K is mono-

ubiquitinated only at K228 (Fig. 5a). This absence was not
due to reduced expression levels because similar 29-kDa
expression levels were found (Fig. 5a). Subsequently,
MDCK cell lines stably expressing AQP2-K228R-E258K
or AQP2-4K>R were generated, grown to confluence, and
lysed, in parallel with cell lines stably expressing wt-AQP2,
AQP2-E258K, and AQP2-K270R-Ub (a constitutively
monoubiquitinated form of AQP2 [20]). As shown before,
immunoblotting for ubiquitin of AQP2-specific immuno-
precipitates of the latter cells revealed the mono-ubiquiti-
nated form of AQP2-K270R-Ub of 37 kDa, the mono-, di-,
and triubiquitinated forms of wt-AQP2 (of about 37, 43,
and 50 kDa, respectively), and a higher molecular weight
smear of ubiquitinated AQP2, all specific for ubiquitination
at K270 [20] (Fig. 5b). AQP2-E258K showed the same di-
and triubiquitinated and higher-molecular-weight forms as
wt-AQP2, albeit to a lower extent, but also revealed the
~35-kDa form specific for this mutant. The absence of only
the 35-kDa form in AQP2-K228R-E258K compared to
AQP2-E258K confirms that this band is due to one
ubiquitin moiety coupled to the new ubiquitination target
site K228. The absence of all ubiquitinated bands with
AQP2-4K>R reveals that with these four changes, ubiq-
uitination of AQP2 is completely prevented. Reprobing the
blot with AQP2 antibodies revealed that this absence was
not due to a reduced expression level of AQP2-4K>R
(Fig. 5b, bottom panel). The reason for the difference in
migration patterns of monoubiquitinated K270-conjugated
wt-AQP2 (~37 kDa) and that of monoubiquitinated K228-
conjugated AQP2-E258K (~35 kDa) is not clear but may be
due to the fact that K270 is the penultimate amino acid of
AQP2, resulting in a extended AQP2 C terminus, while
ubiquitination of AQP2-E258K at K228 will result in a
forked C terminus.

To analyze the effect of ubiquitination on AQP2-E258K
sorting, we analyzed whether AQP2-K228R-E258K or
AQP2-4K>R in MDCK cells colocalized with Lamp2.
CLSM analysis revealed that both AQP2-K228R-E258K
(Fig. 5c) and AQP2-4K>R (not shown) show an extensive
overlap with Lamp2 expression, independent of forskolin
stimulation and similar to AQP2-E258K (Fig. 2b). These
data reveal that missorting of AQP2-E258K to MVB/Lys
occurs independently of its ubiquitination.

Missorting of AQP2-E258K occurs independently
of its increased phosphorylation

S256 in AQP2-E258K is part of a PKA and a PKC
phosphorylation consensus site (Fig. 5d). Therefore, either
one or both the PKA and PKC pathways may be involved
in the increase in S256 phosphorylation in AQP2-E258K.
To analyze the role of AQP2-E258K phosphorylation in its
missorting, constructs were made in which AQP2-E258K
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can no longer be phosphorylated by PKA (E258K-PKA−),
PKC (E258Q), or both (E258K-PKA−/PKC−; Fig. 5d).
Furthermore, because in wt-AQP2, S256 phosphorylation is
needed for plasma membrane expression [45], a construct
was made mimicking AQP2-E258K constitutively phos-
phorylated at S256 (E258K-PKAp/PKCp). Finally, because
theoretically phosphorylation and ubiquitination may inde-
pendently cause AQP2-E258K missorting, the K228 was
replaced by an arginine in all these mutants. Stable MDCK
transfectants were made and subjected to immunofluores-
cence studies. Confocal analysis revealed that all these
mutants colocalized extensively with Lamp2 (Fig. 5e),
independent of forskolin stimulation (not shown), indicat-
ing that ubiquitination and phosphorylation of AQP2-
E258K alone or in combination do not cause the missorting
of AQP2-E258K to MVB/Lys.

Missorting of AQP2-E258K is caused by the loss
of the glutamic acid at position 258

Because the observed post-translational modification that
occurs specifically with AQP2-E258K seems to be a result
of the missorting rather than its cause, the loss of E258 may
be the cause of AQP2-E258K missorting. The sorting
intolerant from tolerant (SIFT) analysis ([32]; http://blocks.
fhcrc.org/sift/SIFT.html) indeed predicts that any substitu-
tion for the lysine at position 258 is not tolerated for AQP2
protein function. Besides, the glutamic acid is well
conserved between animal species in AQP0, 1, 2, 4 and
5. To study this further, constructs encoding AQP2-E258Q
and AQP2-E258A were made and stably expressed in

MDCK cells. CLSM analysis indeed revealed that AQP2-
E258Q (Fig. 5d,e) and AQP2-E258A (not shown) also
colocalize with Lamp2 in MVB/Lys. Altogether, these data
clearly indicate that AQP2-E258K missorting is solely
caused by the loss of E258.

Discussion

Missorting of wt-AQP2/AQP2-E258K complexes
to multivesicular bodies/lysosomes explains dominant NDI

In transfected hepatocytes, colocalization studies with
organelle marker proteins revealed that AQP2-E258K was
expressed in the Golgi apparatus and MVB/Lys [14]. In
renal CD8 cells treated with or without forskolin, colocal-
ization with AC17 also suggested lysosomal sorting of

Fig. 5 Role of S256 phosphorylation and mono-ubiquitination in
AQP2-E258K missorting. a Lysates of COS-7 cells expressing wt-
AQP2 (wt), AQP2-E258K (E258K), or its indicated mutants were
subjected to AQP2 immunoprecipitation, followed by AQP2 immu-
noblotting. Ubiquitinated (ubiq-AQP2), nonglycosylated (ng-AQP2),
and complex-glycosylated (cg-AQP2) pools of AQP2 are indicated. b
Lysates of MDCK cells stably expressing wt-AQP2 (wt), a translation
fusion of AQP2-K270R with ubiquitin (K270R-Ub), or the indicated
AQP2 mutants were subjected to AQP2 immunoprecipitation, fol-
lowed by ubiquitin (top panel) or AQP2 (lower panel) immunoblot-
ting. Ubiquitinated (ubiq-AQP2) and nonglycosylated (ng-AQP2)
pools of AQP2 are indicated. The mass of marker proteins in kDa is
given on the left. c MDCK cells stably expressing AQP2-K228R-
E258K were grown, fixed, and immuno-labeled as described in Fig. 1.
Shown are the single (AQP2, Lamp2) and merged (Merge) confocal
images. d A one-letter code amino acid alignment of the distal part of
the C terminus of AQP2-E258K (E258K) and its phosphorylation-
state-specific mutants. The introduction of S256D in AQP2-E258K
(E258K-PKAp/PKCp) mimics constitutive S256 phosphorylation. The
PKA and PKC consensus sites (PKA-cons., PKC-cons.), codon 258,
the phosphoserine (Pho and rectangle), and the stopcodon (asterisk)
are indicated. e MDCK cells stably expressing phosphorylation-state
specific mutants of AQP2-E258K (indicated on the left) were grown
and treated as described in the legend of Fig. 1. Shown are the single
(AQP2, Lamp2) and merged (Merge) confocal images

b
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AQP2-E258K, but because of the inability to detect the
trans-Golgi network, localization of AQP2-E258K to this
organelle could not be excluded [33]. In our studies,
immunocytochemical and cell surface biotinylation exper-
iments of polarized MDCK-AQP2-E258K cells revealed
that with or without forskolin stimulation, AQP2-E258K
was retained in intracellular compartments and colocalized
mainly with the MVB/Lys marker protein, Lamp2 (Figs. 1
and 2). The overlap of AQP2-E258K localization with
LysoTracker (Fig. 2d), which accumulates in acidic
compartments, as well as the reduced stability of AQP2-
E258K compared to wt-AQP2 (Fig. 3), further underscore a
MVB/lys localization of AQP2-E258K. In the polarized
MDCK cells, however, AQP2-E258K did not colocalize
with marker proteins for the cis- (Fig. 2), medial-, or trans-
Golgi network (not shown). In contrast, in nonpolarized
MDCK cells, we do observe a localization of wt-AQP2 and
AQP2-E258K in the Golgi network [46]. As AQP2-E258K
also localizes to the Golgi complex region in oocytes [29],
this subcellular localization may be due to the nonpolarized
nature of the analyzed cells.

Despite the different localization, AQP2-E258K confers
a dominant-negative effect onto the water permeability of
wt-AQP2 in oocytes by forming heteroligomers with wt-
AQP2 [21, 29], suggesting that this dominant effect is
caused by the intracellular retention of wt-AQP2/AQP2-
E258K oligomers. Indeed, upon coexpression in MDCK
cells, we found that AQP2-E258K interacts with and keeps
GFP-tagged wt-AQP2 from the apical membrane (Fig. 2c).

Moreover, both AQP2-E258K and GFP-tagged wt-AQP2
were shown to colocalize in LysoTracker-positive compart-
ments (Fig. 2d), indicating that also the wt-AQP2/AQP2-
E258K complexes mainly sort to MVB/Lys. Together, these
data reveal that AQP2-E258K and wt-AQP2 also interact in
MDCK cells, resulting in the sorting of the heteromeric
complex to MVB/Lys, thereby providing a cell-biological
explanation for the dominant phenotype of NDI in this
particular family.

AQP2-E258K shows a unique form
of mono-ubiquitination, which, however,
has no role in the MVB/Lys sorting of this mutant

During the past years, the role of mono-ubiquitination in
internalization and degradation of membrane proteins in
MVB has been increasingly recognized. For example,
phosphorylation and monoubiquitination has been implicated
in the internalization and degradation of mammalian receptor
tyrosine kinases and G-protein-coupled receptors [12, 15, 17,
24, 38], while internalization of the renal epithelial sodium
channel ENaC, renal outer medullary potassium channel
ROMK, and chloride channel CLC5 involves their ubiquiti-
nation [40]. Moreover, we recently found that K63-linked
short-chain ubiquitination of wt-AQP2 at K270 mediates
both its endocytosis and lysosomal degradation [20]. As
ubiquitination occurs on lysines, we therefore anticipated
that the MVB/Lys localization of AQP2-E258K could be
due to an increased ubiquitination at K258, K270, or another

Fig. 5 (continued)
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site. Indeed, in contrast to wt-AQP2, AQP2-E258K appeared
to be specifically monoubiquitinated at a novel site, being
K228, resulting in a mass increase of AQP2-E258K of
~6 kDa, which is about the mass of one ubiquitin moiety
(Figs. 3a, 4a,b, 5a,b; [10]). Furthermore, the presence of this
band at 1–6 h after pulse-chase labeling at which time points
complex-glycosylated AQP2-E258K (40–45 kDa) was also
most prominently present (Fig. 3) indicates that ubiquitina-
tion occurs at a post-Golgi complex step in the biosynthesis
of AQP2-E258K.

Elimination of this ubiquitination site in AQP2-K228R-
E258K, however, did not revoke missorting to MVB/Lys
(Fig. 5c). Because AQP2-K228R-E258K is, like wt-AQP2
and AQP2-E258K, still ubiquitinated at K270 (Fig. 5b), one
could, however, still speculate that a possible spatial and/or
temporal effect of K270R ubiquitination of AQP2-E258K
may cause its missorting. This, however, seems unlikely
because the mutant in which all cytosolic lysines were
replaced by an arginine (AQP2-4K>R) is still missorted to

MVB/Lys, despite its undetectable levels of ubiquitination
(Fig. 5b,c). Instead, our data suggest that K228 ubiquiti-
nation of AQP2-E258K is a result of the MVB/Lys sorting
of AQP2-E258K or of just a conformational change of
AQP2 introduced by the E258K mutation and contains a
warning that ubiquitination of membrane proteins is not
always an indication of their role in MVB sorting.

MVB/lysosomal missorting of AQP2-E258K occurs
independent from its phosphorylation at S256

A spatial and temporal phosphorylation may affect the
sorting/function of proteins [28, 36]. As the PKA-
phosphorylation site S256 is in close proximity to the
mutated amino acid E258, we hypothesized that the
introduced K258 could interfere with S256 phosphorylation
by PKA. Alternatively, a changed spatial or temporal S256
phosphorylation in AQP2-E258K by PKC could be
fundamental to the role of AQP2-E258K in dominant NDI

Fig. 5 (continued)
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because the E258K substitution introduced a putative
phosphorylation site for PKC.

However, the E258K mutation did not interfere with
S256 phosphorylation by PKA because forskolin stimula-
tion of orthophosphate-labeled MDCK cells revealed a
clear increase in phosphorylated AQP2-E258K, as well as
of control wt-AQP2 (Fig. 4). The lack of AQP2-S256A
phosphorylation with forskolin furthermore suggested that
forskolin phosphorylated S256 only in AQP2-E258K. Our
findings are in contrast to those of Procino et al. [33], who
detected a small but insignificant increase in phosphoryla-
tion of AQP2-E258K upon forskolin treatment. This
difference might be due to a high basal cAMP level in
their experiments because orthophosphate labeling with
forskolin only visualizes the increase in phosphorylation of
proteins, and we standardly reduce the basal level of cAMP
and AQP2 phosphorylation by adding indomethacin [5].

Moreover and in contrast to wt-AQP2 [45], AQP2-
E258K was indeed increased in its phosphorylation by the
PKC activator, PMA (Fig. 4a), which suggested that this
phosphorylation by PKC might underlie its missorting. The
even stronger increase in phosphorylation of AQP2-E258K
after simultaneous forskolin and PMA stimulation even
suggests to a synergistic phosphorylation of AQP2-E258K
by PKA and PKC. Therefore, we designed mutants lacking
the PKA consensus site, PKC consensus site, or the S256
phosphorylation site itself. To rule out the possibility that
two factors (here, ubiquitination and phosphorylation)
independently cause missorting, a phenomenon we have
observed for the basolateral sorting of the AQP2-insA
mutant in dominant NDI [17], all phosphorylation mutants
were made in the AQP2-E258K-ubiquitination-deficient
K228R mutant. Nevertheless, all mutants were still mainly
sorted to MVB/Lys, indicating that a spatial or temporal
phosphorylation of AQP2-E258K at S256 by PKA or PKC
is not involved in its missorting to MVB/Lys (Fig. 5e). This
was further underscored by the finding that the S256D
mutation, which mimics constitutive phosphorylation in
wt-AQP2 that results in an apical membrane localization
without forskolin stimulation [45], was not able to restore
plasma membrane sorting of AQP2-E258K (Fig. 5e).

Loss of the conserved E258 provides an explanation
for AQP2-E258K missorting

While the increased ubiquitination or putatively changed
phosphorylation at S256 could not explain MVB/Lys
missorting of AQP2-E258K, it is of relevance that AQP2-
E258Q (Fig. 5d,e) and AQP2-E258A (not shown) were
also sorted to MVB/Lys. Moreover, an amino acid
alignment of the C tails of several AQPs revealed that the
glutamic acid is highly conserved between mouse, rat, and
human AQP0, AQP1, AQP2, AQP4, and AQP5, and SIFT

analyses predict that any replacement of E258 in AQP2 or
of the aligned glutamic acids in AQP1, AQP4, and AQP5
are deleterious for the involved AQP proteins. These data
reveal that it is the lack of E258 rather than the introduction
of the lysine (K) that causes AQP2-E258K missorting and
indicates for the first time that E258 in AQP2 and possibly
its counterparts in AQP0, AQP1, AQP4, and AQP5 is an
important amino acid for AQP functioning. The exact role
of E258 in AQP2 remains to be established.

In conclusion, we have established that AQP2-E258K
alone but also when complexed to wt-AQP2 mainly sorts to
MVB/Lys, which provides a cell-biological explanation for
the role of AQP2-E258K in dominant NDI. We furthermore
found that although AQP2-E258K is additionally mono-
ubiquitinated and phosphorylated by PMA-sensitive kinases
and that these modifications were not fundamental to its
missorting. Instead, just the loss of E258 appeared to be the
molecular cause of AQP2-E258K sorting to MVB/Lys.

The structure of the water-pore region and surrounding
transmembrane domains of several AQPs has been resolved
to atomic resolution [11, 30, 37, 44]. However, while the
C-terminal tails of several AQPs play a critical role in their
physiology because they determine their translocation to
and from the cell surface, their structure and changes
therein with physiological stimuli, such as phosphorylation
and ubiquitination events, are completely unknown. Our
data indicate that E258 is a critical amino acid within the
AQP2 tail, and future structural studies have to reveal
whether the changed AQP2 structure induced by the loss of
E258 resembles to some extent the structure of K270-
ubiquitinated AQP2, as both are sorted to MVB/Lys.
Moreover, as sorting is often accomplished by interacting
proteins, further studies will focus on the identification of
wt-AQP2-interacting proteins and proteins that target
AQP2-E258K to the MVB/lysosomal compartment.
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