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Chapter 1
General introduction

General introduction
Aquaporins
Water is of major importance in life since most biochemical reactions in cells occur
in an aqueous environment. This is reflected in the fact that animals can survive
longer without food than water. Moreover, in humans about 60% of the
bodyweight is water and maintaining a proper water and ion balance is vital for
survival.
While transport of ions by channels, exchangers and co-transporters had been well
established since the 1950s, it was widely accepted that the flow of water through
lipid bilayers occurred by simple diffusion and for decades water transport across
cell membranes was considered to be entirely dependent on diffusion. This
common view changed only recently with the recognition of high membrane water
permeabilities, such as through renal membranes and mammalian erythrocytes
(97), suggesting water movement across membranes by a pathway other than
diffusion. Characterization of a contaminating polypeptide of 28 kDa (CHIP28,
channel like integral protein of 28 kDa) in the purification process of rhesus blood
group antigens from erythrocytes turned out to be the discovery of the aquaporin
water channel family (AQPs). Since then, at least 10 mammalian aquaporins have
been identified and more than 200 other family members have been found in
insects, microbes and plants, the latter expressing the largest collection of
aquaporin homologues, indicating the importance of aquaporins in nature (138). To
date, the water flux through these channels has become well studied in a wide
variety of tissues like skin, brain lining cells, eye, erythrocytes, lung, testis, liver,
pancreas, gastro-intestinal tract, exocrine glands, but most of all in the kidney.

Structure, function and localization of aquaporins
Aquaporins are small intrinsic membrane proteins, with a predicted monomer size
ranging from 26-34 kDa. They have six transmembrane domains, connected by
five loops (A through E), and NH2- and COOH-termini that are cytoplasmically
located. Sequence alignments of aquaporins show a highly conserved asp-pro-ala
(NPA) motif in loops Β and E (see figure 1 A and B), which fold back into the
membrane in an hourglass fashion to form the actual water pore. Although
aquaporins form tetrameric complexes, each single subunit is able to form an
aqueous pore and transport water.
Recently, cryo-electron microscopy and high-resolution (2.2 Â) X-ray crystal
structures have been determined for AQP1 (120) and the glycerol facilitator GlpF
(20), that have confirmed this sequence-based "hourglass" model at an ultra
structural level.
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Figure 1: A) Topology of
aquaporins.
The
six
transmembrane domains (TMD)
are connected by five loops.
Two loops fold back into the
membrane and interact via their
NPA boxes, which form the
actual waterpore. The N- and Ctermini
are
both
located
intracellular.
B)
Aquaporin
tetramer as seen from the
extracellular surface. The pore
helices are indicated by the pair
of numbers next to it (2/3 and
5/6) in between TMD 6 and 3
(figures A and Β adapted from
(126)). C) Three features of the
channel specify selectivity for
water: (1) Size restriction. Eight
angstroms above the midpoint
of the channel, the pore narrows
to a diameter of 2.8 A
(approximately the diameter of
a
water
molecule).
(2)
Electrostatic
repulsion.
A
conserved residue (Arg-195) at
the narrowest constriction of the
pore imposes a barrier to
cations, including protonated
water (H30 + ). (3) Water dipolc
reorientation.
Two
partial
helices meet at the midpoint of
the
channel,
providing
positively charged dipoles that
reorient a water molecule as it
traverses this point. Disrupting
hydrogen bonding in the singlefile chain water molecules
prevents the formation of a
proton conductance
(figure
taken from (58)).

extracellular

7

General introduction

Size selection in favor of water molecules and against ions or large molecules such
as urea and glycerol occurs near the extracellular end of the long (20 Â) and very
narrow pore (about 3 Â), at a constriction site with a diameter of just 2.8 Â (see
figure IC). Hydrated ions cannot pass, since the lining of the pore is largely
hydrophobic and not wide enough. Theoretically, dehydrated ions could fit in but
the pore is insufficiently polar to compensate energetically for this. Another barrier
are the short α-helices in loops Β and E that fold back into the membrane, which
generate an electrostatic dipole with positive charges at their amino termini that
meet at the center of the protein (Fig. IC) and thus preventing permeation of
cations including the hydronium ion, H30+.
A histidine residue at position 180 restricts the diameter of the pore and alteration
of this residue has been suggested to result in pores with larger diameters, which
allow the passage of larger solutes (Fig. IC) (31; 125). In this way, the aquaporin
family has been sub-divided into water selective AQPs (AQPO, 1, 2, 4, 5 and 8)
and aquaglyceroporins (AQP3, 7, 9 and 10) that are also permeable to glycerol and
certain small non-electrolytes. An exception to this is AQP6, which is located in
intracellular vesicles in acid secreting intercalated cells of the renal collecting duct.
Although this channel confers water transport, it has been demonstrated to conduct
ions at a pH below 5.5 or upon induction by Hg2+ (40). This ion conductance has
been proposed as a mechanism to maintain electroneutrality in acidic vesicles
within these intercalated cells (134; 135).
AQP3 is found in the basolateral membranes of epithelia in multiple organs, such
as principal cells of the renal collecting duct, gastro-intestinal tract, urinary bladder
and in skin epidermis (26;39;99). AQP7 is located in the apical membranes of testis
(121) and proximal tubules in the kidney (82). AQP9 is located in liver and serves
as an apical membrane channel for glycerol and urea in hepatocytes (11) and recent
experiments indicate that AQP9 also resides in basolateral membranes of a subset
of mucus-secreting goblet cells where it could be important for the synthesis and/or
secretion of mucus which may protect the intestinal surface (92). Recently, a new
member of the aquaporin family was cloned and named AQP10. This aquaporin
was functionally characterized as an aquaglyceroporin that is expressed in the
small intestine (49).
AQPO is a channel with relatively low water permeability and appears to be a
protein in the lens fiber cells where it probably participates in fiber-fiber adhesion
(137). AQP1 was first found in erythrocytes where it is constitutively active (96). It
is also present in the basolateral and apical membranes of epithelial cells in
multiple organs including kidneys and the choroid plexus, and in microvascular
endothelia throughout the lung and airways (86;114;116). AQP2 is localized in
8
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apical membranes and intracellular vesicles of renal principal cells in the collecting
duct of the kidney where it contributes to vasopressin-regulated water reabsorption
(84). The unique mercurial-insensitive water channel AQP4 is found in basolateral
membranes in brain (1), kidney (54) and airway epithelia (136) and AQP5 is
expressed in apical membranes of epithelia in eyes, lung and glands (32). AQP8 is
widely distributed in for example hepatocytes, epithelia of salivary glands and
epithelial cells in the gastrointestinal tract and testis (27;29).

Physiology and pathophysiology of water channels
In retrospect of this extensive expression of the various AQPs throughout the body
and the importance of proper water handling in these diverse tissues, one would
expect gene mutations to generate severe complications. However, the
physiological relevance of AQPs is not always that clear. Despite the huge amount
of water (about 150 L/day) that is reabsorbed from the pro-urine through AQP1
water channels in the proximal tubule and thin descending limbs of Henle in the
kidney (88; 107), humans with mutations in AQP1 or deficient in AQP1 have no
clinical symptoms (98). However, when these individuals were water-deprived
they did show a severe urinary concentrating defect compared to healthy
individuals (55). In contrast, AQP1 knockout mice have severe problems with
urine concentration (109; 129). AQP3-null mice exhibit severe polyuria and have a
weak urine concentrating ability to about 30% of normal (66). They also have a
reduced thickness of the stratum comeum and skin elasticity (39;64), which
indicated a lubricating role for AQP3 in the skin. Although recently AQP3
deficient humans were described, they did not display any clinical symptoms (106).
The AQP4-null mice display only a small concentration defect (15;67). No other
physiological defects were observed even though AQP3 and AQP4 are expressed
in several other tissues. Until now, no AQP4 deficient humans were described.
Although AQP5-null mice present a reduced (up to 60%) and more viscous saliva
production, no other pathological abnormalities were revealed (65).
The most severe disorders caused by mutations in aquaporins are those that reside
within AQP0 and AQP2. As the physiological role of AQP0 probably lies in
facilitating cell-to-cell adherence via interactions between AQP0 molecules in
adjacent lens fiber cells, disruption of these connections interferes with consistency
and transparency of the lens, which gives rise to a form of dominantly-inherited
cataract (2;30). Mutations in AQP2 are known to cause a rare disease called
nephrogenic diabetes insipidus (NDI), which is characterized by the inability of the
kidney to concentrate urine in response to the anti-diuretic hormone argininevasopressin (AVP).
9
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Nephrogenic diabetes insipidus
AQP 1 and AQP2 are responsible for the reabsorption of 99% of the 180 liters of
glomerular filtrate produced each day by the kidney. About 90% is constitutively
reabsorbed by AQP1 in the proximal tubules and thin descending limbs of Henle,
where it is present in the apical and basolateral membrane (87;88). On the other
hand, reabsorption of the remaining volume is under strict control of vasopressin
(AVP) (22;85) and occurs via AQP2 water channels in collecting ducts across the
principal cells. Upon dehydration or hypovolemia, AVP is released from the
pituitary gland into the bloodstream and transported to the kidneys (see figure 2).

Figure 2. Vasopressin induced shuttling of the aquaporin water channel in the kidney collecting duct
regulates water reabsorption. Binding of arginine vasopressin (AVP) to the vasopressin type 2
receptor (VSR) results in the dissociation of the G-protein, followed by activation of adenylyl cyclase
(AC) and the conversion of adenosine triphosphate (ATP) into cyclic adenosine monophosphate
(cAMP). Increased levels of intracellular cAMP activate protein kinase A (PKA) that phosphorylates,
besides other proteins, aquaporin-2 (AQP2). This initiates the targeting and subsequent fusion of
AQP2-bearing vesicles with the apical plasma membrane. Water will enter the collecting duct cells
via AQP2 and exit these cells through aquaporin-3 (AQP3) and aquaporin-4 (AQP4) water channels,
which are located at the basolateral membrane. This process results in the concentration of urine.

In the basolateral membrane of the collecting duct cells, this hormone binds to its
G-protein coupled receptor (V2R), triggering a signaling cascade in which adenylyl
cyclase (AC) increases cyclic AMP (cAMP) levels in the cell, which leads to a rise
in protein kinase A (PKA) activity, release of calcium from ryanodine-sensitive
Ca2+ stores, and finally in phosphorylation of AQP2 and presumably also other
10
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proteins (16;33;89). This process induces intracellular vesicles containing
phosphorylated AQP2 (p-AQP2) to be sorted towards the apical membrane,
consequently rendering these cells water permeable. Subsequently, the osmotic
gradient over the cell membranes gives rise to a water influx that can exit the cells
into the interstitial fluid via AQP3 and AQP4, both present at the basolateral
membrane, which eventually results in concentrated urine. Upon fluid intake, AVP
release into the blood decreases, AQP2 is redistributed into intracellular vesicles
and water reabsorption is reduced (8;57;70;85). Already in the early 80's, Wade et
al. (130) proposed this cycle of vesicle relocation, since then known as the 'shuttle
hypothesis'.
When this chain of events is obstructed, the vasopressin regulated water
reabsorption is disturbed, which leads to a severe water-losing disorder,
nephrogenic diabetes insipidus. A majority of NDI cases are due to gene defects in
the vasopressin V2 receptor (V2R) located at q28 of the X chromosome
(3;4;104;128). However, in 10 % of the NDI families, the disease is caused by
mutations in the AQP2 gene, which can be inherited as an autosomal recessive (25)
or dominant trait (79). At present, missense mutations leading to recessive NDI
have been extensively investigated. Expression studies with these mutant AQP2
proteins in Xenopus oocytes revealed a reduced water permeability compared to
wild-type AQP2 and an impaired routing to the plasma membrane due to
retardation in the endoplasmic reticulum (ER), probably caused by misfolding of
the protein (21 ;71 ;80). Interestingly, all mutations in recessive NDI are located in
between the first and sixth transmembrane domain of AQP2. In contrast, all known
mutants displaying a dominant phenotype are functional water channels and their
gene mutations are located in the coding region of the C-terminus of the protein
(51;53;59;72). Co-expression studies of wild type and these mutant AQP2 proteins
in oocytes showed that these mutations cause a dominant negative effect. Proper
water flux is inhibited due to heterotetramerization of wild-type with mutant AQP2
and a subsequent sorting defect (53;59;72;79).

Synthesis and sorting of proteins in polarized epithelial cells
To keep metabolic reactions, protein -synthesis and -degradation processes
separated from each other, cells are highly compartmentalized into various
organelles that have a unique protein and lipid composition. This
compartmentalization requires specific transport mechanisms to direct
macromolecules from their site of synthesis to the appropriate specialized
compartment where they carry out their function (74).
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In polarized epithelial cells, which play important roles in host defense, nutrient
absorption and ion transport, membrane and secretory proteins are delivered to
specific regions of the plasma membrane, thereby generating an asymmetry in cell
shape. This partitioning in a structurally and functionally different apical and basallateral plasma membrane domain is physiologically of great importance for
transport of water or ions from the lumen to the interstitium or vice versa. To
maintain polarization, cells need to have a continual exchange of membrane lipids
and proteins between the internal compartments and the outside of the cell by
endocytosis and exocytosis either to the apical or basolateral side of the cell.
Secreted and membrane proteins are synthesized by ribosomes at the rough
endoplasmic reticulum (ER) and translocated into the ER lumen in an unfolded
state where they are properly folded and assembled into multi-subunit complexes,
which is guided by a large array of ER-resident and cytosolic molecular chaperones
(e.g. BiP, calnexin and calreticulin) and ER-folding enzymes (e.g. protein disulfide
isomerase, PDI) (28). Transmembrane proteins are inserted into the ER-membrane,
and after oligomerization and post-translational modification like N-glycosylation
(43), proteins acquire their biologically active conformation. However, even
chaperone-assisted folding cannot guarantee perfection. Therefore, the ER has a
quality control system to check for improperly folded proteins as well as
unassembled protein subunits. These aberrant proteins are then targeted for
destruction via the ubiquitin-proteasome pathway (7;36). After passing the control
mechanism, properly assembled proteins are subsequently packed into COPII
coated vesicles that fuse to become an ER-Golgi intermediate compartment
(ERGIC), which delivers secretory cargo to the c/s-Golgi. Whether proteins
become residents of an organelle or are distributed towards upstream or
downstream compartments depends on intrinsic determinants such as sequence
motifs i.e. structural information that guides them to their correct destinations
usually by binding to other proteins or lipids (the role of different sorting
complexes and the targeting signals involved are depicted in figure 3). In this way,
proteins that contain the KDEL motif are relocated from the Golgi complex to the
ER via a retrograde transport. Other proteins travel towards the trans-Golgi and
trans-Golgi network (TGN). Within this route, proteins can be further processed
with modifications, which include high mannose, complex and hybrid glycans,
sialylation and O-glycosylation. The TGN is a highly dynamic compartment
involved in sorting of cargo for delivery to multiple destinations and also the site
where the biosynthetic and endocytic pathways converge. Most transport vesicles
are coated with clathrin molecules. Several adaptor protein complexes (APs) bind
to clathrin and to specific motifs within the cargo proteins. Until now, four
different adaptor complexes (API-4) have been identified. AP-1 is involved in
12
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directing vesicles from the endosomes to TON and trafficking to the basolateral
membrane in epithelial cells, if it contains the μΙΒ subunit (5;34;45), AP-2 takes
care of the rapid clathrin-mediated endocytosis at the plasma membrane (101), AP3 targets vesicles from the TGN to lysosomes (48;91) and AP-4 is part of a nonclathrin coat and is suggested to participate in basolateral sorting (111).

Λ

Figure 3. Schematic overview of targeting signals and mechanisms involved in protein
sorting.Different sorting signals and receptors responsible for the transport of a protein to a specific
target compartment are indicated in the square white boxes in bold and italic, respectively.
Abbreviations: CCV: clathrin coated vesicle; CIV: COPI coated vesicle; CIIV: COPII coated vesicle;
CGN: c/s-Golgi Network; TGN: trans-Golgi Network; EE: early endosome; ER : endoplasmic
reticulum; MBV: multivesicular body; GGAs: Golgi-localizing, γ-adaptin ear homology, ARFbinding proteins (figure adapted from (115)).

Proteins with a strong homology to adaptor subunits are the GGAs (Golgilocalized, γ ear-containing, ARF-binding proteins), which have a role in TGN to
endosome trafficking (45). Once vesicles are released from their donor
compartment they relocate to their target membranes. On arrival, docking and
fusion of the vesicles is mediated by the interaction of the vesicle (v)- SNAREs
with the target-membrane (t)-SNAREs (105). The SNAREs are also involved in
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ensuring the accuracy of vesicle trafficking (74). There appear to be enough
different SNARE proteins localized throughout intracellular membrane
compartments to confer specificity of the docking/fusion process. This process is
regulated by Rab proteins, small Ras like GTPases that act upstream of SNARE
proteins in the initial tethering of vesicles to their target membranes. This family
has at least 63 members in mammals and 11 in yeast. Rab proteins cycle between a
cytosolic GDP-state complexed with Rab guanine nucleotide dissociation inhibitor
(GDI) and a membrane bound GTP-state activated by Rab-specific GEFs (guanine
nucleotide exchange factors) (37). Subsequently, activated Rab proteins recruit
various effectors that can mediate the motility of vesicles through binding to
kinesin and myosin motor proteins or they tether the vesicles directly to their target
membrane (113). Also, other tethering complexes are involved in the specificity of
vesicle docking and fusion that lie either upstream or downstream from Rab
activation (133).
Signals for sorting proteins to the basolateral membrane
Sorting of a transmembrane protein to either apical or basolateral membrane
domains is defined by its intrinsic sorting signals (see Fig 3.). Basolateral sorting
signals are located in the cytoplasmic domain and regularly contain a crucial
tyrosine residue within the amino acid sequence NPXY or ΥΧΧφ (where X is any
amino acid and φ is an amino acid with a bulky hydrophobic group). A second
basolateral signal type consists of a paired LL, LI sequence or LV (60;75;119). The
tyrosine-based motif binds selectively the μ-chains of the clathrin adaptor
complexes AP-1, AP-2 and AP-3 whereas the di-hydrophobic motifs bind
preferentially to the ß-chains (6;47;100;102). Other proteins are targeted to the
basolateral membrane, containing signals that bear little or no sequence similarity
to these motifs, although their peptide structure resembles a ß-tum and thus looks
like a tyrosine-based signal (61).
Signals for sorting proteins to the apical membrane
Several signals have been suggested for the trafficking of proteins to the apical
membrane. These involve proteins with a glycosylphosphatidylinositol (GPI)
anchor (9;63), which interact with cholesterol rich lipid rafts (112), and Nglycosylation (38; 108). However, apical transport of many other proteins occurs
independently of GPI-anchors, rafts or N-glycosylation (73). Some of these apical
membrane residents contain peptide sequences that can act as apical sorting
determinants, such as for rhodopsin (18) and megalin (123). Since there is no
similarity in size or sequence in these motifs, this suggests that the actual sorting
information might be embedded in the conformation of the protein itself.
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Another class of proteins that regulate trafficking of receptors, transporters and ion
channels to either the apical or basolateral membrane are the PDZ (postsynaptic
density 95, PSD-95; discs large, Dig; zonula occludens-l, ZO-1) domain proteins.
PDZ domains bind mostly short consensus sequences in the carboxyl-terminal
sequences of target proteins. For class I of the PDZ domains this consensus
consists of the amino acids (T/S)-X-V (where Τ is Thr, S is Ser, X is any amino
acid and V is Val, although the Val can be replaced by another hydrophobic amino
acid), for class II Χ-Ψ-Χ-Ψ (where X is any amino acid and Ψ is a hydrophobic
amino acid) and for class III the consensus sequence X-D or Ε-Χ-Ψ is described
(90). For the cystic fibrosis conductance regulator (CFTR), its apical localization is
dependent on its interaction with the PDZ domain protein EBP50 (ezrin-radixinmoesin-binding phosphoprotein-50), which regulates its endocytic recycling
(110; 122). Conversely, in certain renal epithelial cells, the inwardly rectifying
potassium channel Kir 2.3 is sorted to the basolateral membrane and subsequently
retained there by interaction with the PDZ protein complex Lin-7/CASK (62;94).
In its turn, the binding of PDZ proteins can be regulated by phosphorylation as was
shown for the binding of PSD-95 to Kir 2.3, which is a substrate for PKA
phosphorylation (19). PKA phosphorylation inhibits its binding to PSD-95, while
the phosphorylation of the ß2-adrenergic receptor disrupts its binding to EBP50
(10). In contrast, phosphorylation of the multidrug resistance protein 2 (MRP2) at
its carboxy-terminal showed an increase in binding to PDZ proteins (41).
An alternative pathway to the apical membrane is via transcytosis, in which
proteins are internalized from the basolateral membrane and are subsequently
targeted via vesicles towards the apical plasma membrane (78). This process has
been most extensively studied through analysis of the polymeric immunoglobulin
receptor (plgR), which binds its ligand polymeric IgA (plgA) at the basolateral
surface of the cell and is then targeted to the apical membrane (103). Studies have
revealed that a leucine based signal in the carboxy terminal tail of plgR is
responsible for its clathrin mediated sorting to the basolateral membrane (12) and
that a tyrosine based signal is needed for its endocytosis (93). In addition, for
efficient transcytosis, phosphorylation of plgR at S664 is necessary (13).
Protein endocytosis and recycling
Many transmembrane proteins are not constitutively present in the plasma
membranes of a cell, but translocate between specific recycling compartments.
Several ion-channels and transporters are recycled, like CFTR (122), the C1C-4
chloride channel (76) and the glucose transporter GLUT-4, which is targeted from
its intracellular stores (the GLUT-4 storage compartments (GSC)) to the plasma
membrane upon of insulin stimulation (46;95).
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Most of the endocytic trafficking at the plasma membrane occurs via clathrincoated vesicles. Formation of these vesicles is accomplished through the
interaction of cytosolic proteins with components of the inner leaflet of the plasma
membrane at specialized sites called coated pits, where surface proteins are
concentrated before internalization. It is known that the cytoplasmic tails of many
surface receptors contain motifs that are recognized by components within these
pits. The most common endocytic signals are the tyrosine-based NPXY or ΥΧΧφ
and leucine based motifs, which are also involved in basolateral sorting. Again,
recognition and binding of these signals is mediated by adaptor proteins as
described earlier (42).
Although protein ubiquitination was originally identified as a signal for
proteasomal degradation (7;36), it was recently discovered that ubiquitination can
act as an internalization signal. This was initially identified in yeast for the general
amino acid permease Gaplp (14) and the α-factor receptor Ste2p (44). However, an
increasing amount of data shows that attachment of ubiquitin molecules plays a
more central role in regulating trafficking and/or downregulation of cell-surface
receptors, because also a variety of mammalian receptors including those for
growth hormone (GH), epidermal growth factor (EGF) and platelet derived growth
factor (PDGF) can be regulated in this way (77; 118; 132). Furthermore, transporters
(e.g. CFTR (35;50;131)) and channels (e.g. the epithelial sodium channel ENaC
(69; 117) undergo ubiquitination and this modification is required for targeting of
the proteins for degradation by the proteasome as well as the lysosome.

Sorting signals in renal aquaporins
Most mammalian AQPs are sorted to the basolateral and/or apical plasma
membrane in polarized epithelial cells. It is thought that they are directed to these
compartments according to specific intrinsic signals within the protein. Still, the
signals involved in polarized sorting of the different AQPs are largely unknown. It
is likely that they reside within the N- and/or C- terminal ends of the protein,
because these signals usually are located in cytoplasmic segments. The equal
distribution of AQP1 over apical and basolateral membranes in the proximal
tubules and descending loops of Henle (86) may reflect the fact that no known
targeting signal is present in the primary structure of this water channel. In
collecting duct principal cells, AQP2 is sorted to the apical membrane (83), while
AQP3 (26) and AQP4 (124) are located in the basolateral membrane. For AQP3,
no targeting signal has been identified but for AQP4 it has been found that two
independent signals in its C-terminal end determine its localization (68). A
tyrosine-based motif was suggested to mediate its endocytosis by binding to the μ
16
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subunit of the AP2 adaptor complex. Subsequently, its affinity shifts towards
association with the μ3Α subunit of the AP3 complex upon casein kinase II
phosphorylation of the serine immediately preceding the tyrosine motif. This
binding to an AP3 complex leads to enhanced lysosomal targeting and successive
degradation. Although a di-leucine like motif is present as well, its role in the
transport of AQP4 to the basolateral membrane remains to be established.
Presently, it is essentially unknown which motifs are required for the translocation
of AQP2 to the apical plasma membrane after vasopressin stimulation, and the
subsequent endocytosis to retrieve AQP2 to its intracellular storage compartment.
It is well known, however, that phosphorylation plays a central role in its sorting.
AQP2 is phosphorylated at Ser256 (17;33;139) and at least 3 out of 4 subunits need
to be phosphorylated for an AQP2 tetramer to translocate to the plasma membrane
(52). In addition, several hormones (ATP/UTP, endothelin) have been identified
which inhibit the AVP-induced, AQP2-mediated osmotic water transport,
presumably by activation of PKCs, leading to an intracellular localization of AQP2
(56;81). Recent studies in which different AQP1/AQP2 chimeric proteins
containing different portions of the AQP2 N- or C-terminal tails were expressed in
polarized Madin Darby Canine Kidney (MDCK) cells indicate that region N220S229 is essential for AQP2 localization in the apical membrane and that the N- and
C- tail are essential for its trafficking to intracellular vesicles and translocation to
and from the apical membrane (24; 127).

Aim and outline of this thesis
Numerous in vivo and in vitro studies on collecting ducts as well as studies on cell
lines heterologously expressing AQP2 have provided evidence that AVP triggers a
cAMP-mediated pathway that translocates AQP2 from intracellular vesicles to the
apical plasma membrane via phosphorylation of AQP2 at Ser256. Nevertheless, it
is still unclear whether this phosphorylation is essential and/or sufficient for AQP2
translocation to the apical plasma membrane. Furthermore, four other putative
phosphorylation sites, besides the PKA phosphorylation site at Ser256, can be
found in AQP2. These consist of one protein kinase C site at Ser231 and three
casein kinase II sites (Serl48, Ser229 and Thr244). In chapter 2, constitutively
phosphorylated or non-phosphorylated AQP2 proteins at these sites were stably
expressed in MDCK cells, and used to study the role of these putative sites in the
intracellular targeting of AQP2.
Recently, two families were identified, in which dominant NDI was caused by
AQP2-R254L and AQP2-R254Q mutations, which destroy the PKA consensus
site. To further investigate the role of phosphorylation in vivo, these AQP2 mutants
17
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were expressed in oocytes and polarized epithelial MDCK cells, and analyzed in
detail as described in chapter 3.
Resolving the subcellular localization of mutant AQP2 proteins and the underlying
molecular cause for their missorting will attribute to our understanding of potential
causes of diseases in general and NDI in particular, and is essential for the
development of putative therapeutic treatments. In addition, it will provide
information on signals involved in sorting of proteins and on regulatory segments
within AQP2. As described, all AQP2 missense mutations encoded in dominant
NDI are located in the carboxy terminal tail, whereas all known mutations leading
to recessive NDI are found in between the first and sixth transmembrane domain.
Chapter 4, however, describes the analysis in oocytes and polarized MDCK cells of
two new families with a recessive form of NDI in which the mutation is located in
the carboxy terminal tail of the AQP2 protein.
Chapter 5 describes further studies on the first AQP2 mutant described in dominant
NDI (AQP2-E258K). Although this mutation was investigated in the past in
Xenopus oocytes (53), we analyzed the subcellular localization of AQP2-E258K in
polarized MDCK cells, because the regulation of exogenous AQP2 in MDCK cells
resembles the in vivo regulation to a greater extent than oocytes (23;52) and the
subcellular compartments in these cells are better defined. Finally, the obtained
results are discussed in chapter 6.
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Phosphorylation ofAQP2
Abstract
In renal collecting ducts, a vasopressin-induced cAMP increase results in the
phosphorylation of Aquaporin-2 (AQP2) water channels at S256 and its
redistribution from intracellular vesicles to the apical membrane. Hormones that
activate protein kinase C (PKC) proteins counteract this process. To determine the
role of the putative kinase sites in the trafficking and hormonal regulation of
human AQP2, three putative casein kinase II (S148, S229, T244), one PKC (S231)
and one protein kinase A (S256) site were altered to mimic a constitutively nonphosphorylated/phosphorylated state and expressed in MDCK cells. Except for
S256 mutants, seven correctly-folded AQP2 kinase mutants trafficked as wild-type
AQP2 to the apical membrane via forskolin-sensitive intracellular vesicles. With or
without forskolin, AQP2-S256A was localized in intracellular vesicles, while
AQP2-S256D was localized in the apical membrane. PMA-induced PKC activation
following forskolin treatment resulted in vesicular distribution of all AQP2 kinase
mutants, whereas all were still phosphorylated at S256. Our data indicate that in
collecting duct cells, AQP2 trafficking to vasopressin-sensitive vesicles is
phosphorylation independent, that phosphorylation of S256 is necessary and
sufficient for expression of AQP2 in the apical membrane, and that PMA-induced
PKC-mediated endocytosis of AQP2 is independent of the AQP2 phosphorylation
state.
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Introduction
In humans, the kidney is the prime organ for regulation of body fluid osmolarity,
which is maintained within strict boundaries. To fine-tune this balance, principal
cells of the renal collecting duct reabsorb water from pro-urine, which is under
control of the anti-diuretic hormone arginine vasopressin (AVP). Upon
hypovolemia or hypematremia, pituitary-derived AVP binds its V2-receptor in the
basolateral membrane of these cells and initiates an intracellular cAMP signaling
cascade that causes a transient increase in cytosolic calcium (5) and the activation
of protein kinase A (PKA), which in turn phosphorylates homotetrameric
Aquaporin-2 (AQP2) water channels and possibly other proteins. Consequently,
AQP2-containing vesicles fuse with the apical membrane, rendering the principal
cells water permeable (9;34). Driven by an osmotic gradient, water will then enter
these cells via AQP2 and will exit the cells via AQP3 and AQP4, located in the
basolateral membrane, a process in which urine is concentrated.
Using antibodies that recognize S256-phosphorylated AQP2 (p-AQP2), Nishimoto
et al. were able to show that in vivo, AVP-induced redistribution of AQP2 from
vesicles to apical membrane coincides with phosphorylation of S256 (35). Using
similar antibodies, Christensen et al. demonstrated that p-AQP2 is, besides the
apical membrane, also present in intracellular vesicles of principal cells and that
the intracellular distribution of AQP2 is regulated via V2 receptors by altering the
phosphorylation state of S256 in AQP2 (6). In a later study, water permeability
analyses of Xenopus oocytes expressing different ratios of AQP2-S256A and
AQP2-S256D (which mimic non-phosphorylated and phosphorylated AQP2,
respectively) indicated that three or more monomers in an AQP2 tetramer need to
be phosphorylated at S256 for a steady state plasma membrane localization of
AQP2 (21), which provided an explanation for the detection of p-AQP2 in
intracellular vesicles. The retention of AQP2-S256A in intracellular vesicles of
LLC-PKi cells upon treatment with forskolin, whereas wt-AQP2 in such cells
migrated to the basolateral membrane revealed that phosphorylation of S256 in
AQP2 is essential for re-distribution to the basolateral membrane (17;22). At
present, however, it is unclear whether phosphorylation of S256 is essential and/or
sufficient for AQP2 translocation to the apical membrane.
Retrieval of AQP2 from the apical membrane of principal cells, which results in a
reduction in water reabsorption and urine concentrating ability, is mediated by
removal of AVP and by several hormones that activate the protein kinase C (PKC)
pathway. Some of these hormones (ATP/UTP, endothelin) are thought to activate
PKCs that block the AVP-triggered increase in cAMP (24);(32). In contrast, other
hormones, such as epidermal growth factor, prostaglandin E2 and agonists of
muscarinic receptors did not interfere with the AVP-mediated cAMP increase and,
29

Phosphorylation of AQP2
therefore, were suggested to act on the AQP2 shuttling process only (19;29;33).
Since the inhibitory effect of these latter hormones was absent upon co-treatment
with PKC inhibitors (29;32) and phorbol-12-myristate-l-3-acetate (PMA), which is
a specific activator of several PKCs (46), also inhibits AVP-induced water
permeability (19), these hormones were suggested to activate PKC isotypes that
interfere with shuttling of AQP2 to the apical membrane. For some proteins, it has
been shown that PKCs exert their effect through activation of casein kinase II
(CKII) proteins (2);(40). At present, however, it is unknown whether the AVPcounteracting PKCs mediate the re-distribution of AQP2 to intracellular vesicles
via direct or indirect (e.g. through CKII) (de-)phosphorylation of AQP2 or whether
it occurs independent of the AQP2 phosphorylation state.
Besides modulating the steady state localization of a protein in response to
hormonal stimulation, the transit of proteins from the endoplasmic reticulum (ER)
to their final subcellular location can also be a phosphorylation dependent process.
For example, phosphorylation of the N-methyl-D-aspartate (NMDA) receptor NR1
and caveolin-1 enables these proteins to exit the ER (42);(41), whereas
translocation of numerous proteins from the trans Golgi network (TGN) to
intracellular compartments or the plasma membrane and vice versa is also
regulated by phosphorylation events (20)-(47). Since such phosphorylation events
can be transient, lasting only minutes (16;44), the importance of a phosphorylation
event can be easily missed, which will not occur when such a site is constitutively
phosphorylated or non-phosphorylated. Several studies have shown that the
negative charge introduced by phosphorylation can often be mimicked by changing
a phosphorylation site Ser/Thr residue for a Glu or Asp (14;28), while
phosphorylation of such a site can be prevented by changing it to an Ala residue
(15;50).
Human AQP2 contains three phosphorylation consensus sequences for CKII (SI48,
S229, T244), one for PKC (S231) and one for PKA (S256) and in Madin Darby
Canine Kidney (MDCK) cells, the routing to intracellular storage vesicles and the
AVP-regulated shuttling of heterologously expressed human AQP2 to and from the
apical membrane is similar to these processes in renal principal cells (11).
Therefore, to address the role of the putative phosphorylation sites in human AQP2
in these processes, MDCK cell lines that stably expressed AQP2 proteins, in which
each putative kinase site was changed into an Ala or Glu/Asp residue, were
generated and analyzed in detail.
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Materials and methods
Expression constructs.
For expression of AQP2-S256A and AQP2-S256D in MDCK cells, the encoding cDNA
fragments were cut from pT7Ts-AQP2-S256A and pT7Ts-AQP2-S256D constructs (21;31)
with BglU and Spel and cloned into the Bglll and Xba\ sites of the mammalian expression
vector pCB6 (4).
To generate pCB6 constructs for expression of the other kinase site mutants, three point
PCR reactions were performed. For this, sense primers for AQP2-S148A (5'CATCTTCGCCGCCACCGATGA-3'), S148D (5'-GCATCTTCGCCGACACCGATGAGC-3'), S229A (5'-CCAGCCAAGGCCCTGTCGGA-3'), S229D (5'-CCGCCAGCCAAGGATCTGTCGGAG-3'), S231A (5'-AAGAGCCTGGCGGAGCGCCT-3'), S231D (5'CAAGAGCCTGGATGAGCGCCT
GG-3'), T244A (S'-GAGCCGGACGCCGATTGGGA-3') and T244E (5'-GGAGCCGGACGAGGATTG GGAGG-3') or their
corresponding antisense primers were used in combination with a pT7Ts reverse primer
(S'GCTTAGAGACTCCATTCGGGS') or T7 primer, respectively, in a standard PCR
reaction with pT7Ts-AQP2 (31) as a template. The resulting fragments were isolated, and a
second PCR reaction, using both fragments as template, combined with the pT7Ts reverse
and T7 primer was performed to generate the full-length mutated AQP2 fragment.
Subsequently, these fragments were digested with Bglll and Spel and ligated into the Bglll
and Xbal sites of pCB6. Introduction of only the desired mutations was confirmed using
DNA sequence analysis.
Cell culturing and transfection of MDCK cells.
MDCK type I cells (11) were grown in Dulbecco's modified Eagle's medium (DMEM)
supplemented with 5% (v/v) fetal calf serum at 37CC in 5% CO2. For transfection of
MDCK cells, 25 μg of purified circular DNA was transfected using the calcium-phosphate
precipitation technique as described in detail (10; 18). Twenty-four hours after transfection
the cells were trypsinized, divided over 6 petri dishes and expanded in medium containing
800 μg/ml G418 (Gibco Europe, Breda, The Netherlands). Ten to fourteen days after
transfection, individual clones were selected and grown on selection drug for four weeks.
Immunoblotting.
Protein samples were denatured by incubation for 30 min at 370C in lx Laemmli buffer,
subjected to electrophoresis on a 13% SDS-polyacrylamide gel (Fluka Biochimica,
Switzerland), and blotted onto polyvinylidene fluoride (PVDF) membranes (Millipore
Corporation, Bedford, MA, U.S.A.) as described (8). Membranes were blocked for 1 h in
5% nonfat dried milk (NFDM) in TBS-T (20 mM Tris-HCl, 73 mM NaCl, 0.2% Tween 20,
pH 7.6) and subsequently incubated with 1:3000 diluted affinity purified rabbit AQP2
antibodies (raised against the 15 COOH-terminal amino acids of rat AQP2 (12)) or rabbit
antibodies directed against S256-phosphorylated AQP2 (AN83-2) ((35), diluted in TBS-T
with 1% NFDM. As secondary antibodies, goat anti rabbit antibodies coupled to horse
radish peroxidase (1:5000 in TBS-T, Sigma, St. Louis, MO, U.S.A.) were used. Proteins
were visualised using enhanced chemiluminescence (Pierce, Rockford, IL, U.S.A.).
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Immunocytochemistry.
Cells seeded at 1 5 χ IO' cells/cm2 were grown on 1 13 cm2 polycarbonate filters (Coming
Costar Europe, Badhoevedorp, The Netherlands) for 2 days After subsequent O/N
treatment with 5 χ 10 5 M indomethacin, cells were incubated for 45 mm with DMEM with
or without 5 χ 10 5 M forskolin To activate PKCs following forskolin treatment, filters
were subsequently incubated in DMEM with forskolin and 10 7 M PMA (Sigma, St Louis,
MO, U S A ) for 45 min In these cases, cells incubated for 90 mm with indomethacin with
or without forskolin were taken as controls After these incubations cells were washed
twice with PBS-CM (PBS with 0 1 mM CaClz, 1 mM MgClj) and fixed in 3%
paraformaldehyde for 30 mm Following quenching of aldehyde groups with 50 mM NH4CI
in PBS for 15 mm, cells were permeabihzed with 0 2% SDS in PBS for 5 mm, incubated
with goat serum dilution buffer (GSDB, 16% goat serum, 0 3% Triton X-100, 0 3 M NaCl
in PBS) for 30 mm to block nonspecific antibody binding and incubated O/N with a
mixture of a 1 100 dilution of affinity-purified rabbit anti-AQP2 antibody (12) in GSDB
After washing twice with permeabihzation buffer (0 3% Triton X-100, 0 1% BSA in PBS)
filters were incubated with 1 100 diluted goat anti rabbit antibodies coupled to Alexa 594
(Molecular Probes, Eugene, OR) in GSDB for 45 mm Next, filters were nnsed twice with
permeabihzation buffer and mounted on glass slides with Vectashield (Vector Labs,
Burhngame, CA) Images were obtained with a Bio-Rad confocal laser scanning
microscope (CLSM) using a 60x oil-immersion objective

Side specific biotinylation.
MDCK cells were seeded at 1 5 χ 105 cells/cm2 on 9 6-cm2 polycarbonate filters (Coming
Costar Europe, Badhoevedorp, The Netherlands), grown and treated as described above
Next, the cells were washed twice with ice-cold PBS-CM and incubated twice for 20 mm at
4 0 C with 500 μΐ of 1 5 mg/ml Sulfo-NHS-SS-Biotin (Pierce, Rockford, IL) in biotinylation
buffer (10 mM tnethanolamine, 2 mM CaC^, and 125 mM NaCl, pH 8 9) applied to the
apical surface of the cells Subsequently, the filters were incubated for 5 mm with
quenching solution (50mM NH4CI in PBS-CM) at 4°C and rinsed twice with cold PBSCM After the filters were cut from their plastic support, 1 ml of lysisbuffer ( 150mM NaCl,
20mM Tns-HCl pH 8 0, 5 mM EDTA, 1% Triton X-100, 0 2% BSA, ImM
phenylmethylsulfonyl fluoride (PMSF), 5 μg/ml leupeptin and 5 μ§/ιτι1 pepstatin) was
added and incubated for 30 mm at 370C Subsequently, the cells were scraped, and
transferred to Eppendorf tubes After centnfugation for 5 mm, the supernatant was added to
streptavidin beads (30 μΐ/sample), which had been pre-washed twice with high salt buffer
(500 mM NaCl, 5 mM EDTA, 50 mM Tns-HCl (pH 7 5), 0 1% tnton X-100) and twice
0
with lysisbuffer After incubation for 16 hours at 4 C, the beads were centrifuged for 5 mm
and washed twice with high salt buffer, twice with lysisbuffer and once with 10 mM TnsHCl (pH 7 5) Finally, the beads were sucked dry with a 30-g needle, resuspended in 30 μΐ
0
of lx Laemlli buffer and denatured for 30 mm at 37 C
Orthophosphate labeling.
Transfected MDCK cells were seeded as described for side-specific biotinylation Two
days after seeding, cells were treated O/N with medium containing indomethacin (Sigma,
St Louis, MO, U S A ) Next, filters were cut from their support and washed once with
semm/phosphate-free DMEM (ICN biomedicals, The Netherlands, Europe) Subsequently,
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the medium was replaced by serum/phosphate-free DMEM (1 ml/filter) containing
indomethacin and 20 μ€ι/πι1 [12P]-orthophosphate (Amersham Pharmacia Biotech, UK,
Europe) After 3 hours incubation at 370C the medium was replaced by medium containing
indomethacin with or without forskohn and 20 μΟι/ιηΙ [32P]-orthophosphate for 1 hour
Subsequently, for PKC induction, cells treated with forskohn were incubated with medium
containing indomethacin, forskohn, PMA and 20 μΟι/πιΙ [32P]-orthophosphate for an
additional hour Next, the cells were washed twice with ice-cold wash buffer (PBS + 2 mM
EDTA) containing 10 mM NaF and 0 5 mM ^VCXi to inhibit dephosphorylation
Subsequently cells were scraped and homogenized in 750 μΐ ice cold lysis buffer (100 mM
Tns-HCl, 150 mM NaCl, 2 mM EDTA, 0 5% Na-desoxycholate, 0 1% SDS, 0 5% Nonidet
P40) containing 10 mM NaF and 0 5 mM Na3V04 The lysates were transferred to
eppendorf tubes and centnfiiged for 10 mm at 4°C The cleared lysate was subjected to
immunoprecipitation
Immunoprecipitation
10 μΐ protein A agarose beads (Kem-En-Tec A/S, Copenhagen, Denmark) per sample were
washed twice in lysis buffer + 1% BSA Per sample, 4 μΐ of rabbit 7 anti AQP2 antibodies
was added to 400 μΐ lysis buffer and rotated O/N at 4CC Before use, the antibody-coupled
protein A beads were washed twice in ice-cold lysis buffer The washed antibody-bound
beads were incubated with cleared lysate for 16 h, washed four times with lysis buffer
containing phosphatase inhibitors, sucked dry with a 30-g needle and resuspended in 30 μΐ
of lx Laemlli buffer [32P]-orthophosphate labeled samples were split into two equal
portions of which one was immunoblotted for AQP2, while the second was subjected to
SDS-PAGE The gels were dried and exposed to film for approximately 3 days using 2
amplifying screens at -80 o C Relative quantification of the signals was performed with a
phospho-imager
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Results
Trafficking ofAQPI to intracellular vesicles is phosphorylation independent
To determine the role of phosphorylation of S148, S229, S231, T244 and S256 in
the targeting and regulation of shuttling of AQP2, all these sites were
independently mutated into alanines to mimic a non-phosphorylated state, or into
glutamic (T244) or aspartic acids (others) to mimic a phosphorylated state (Fig. 1 ).
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Eucaryotic expression constructs coding for these proteins were stably transfected
into MDCK. cells. Immunoblot analysis of the selected clones revealed that, except
for AQP2-S148D, all AQP2 mutants were mainly expressed as unglycosylated 29
kDa proteins, which is also the most prominent band for wt-AQP2 in MDCK cells
(Fig. 4). AQP2-S148D, however, was mainly expressed as 29 and 32 kDa AQP2
proteins (Fig. 2), which has been shown to be indicative for AQP2 proteins
retained in the ER (30). Therefore, this mutant was left out of further analyses.
To determine the effects of the introduced mutations on the targeting of AQP2
from the organelle of synthesis (ER) to intracellular vesicles, the cell lines were
treated with indomethacin to lower endogenous cAMP levels and subjected to
immunocytochemistry. With the exception of AQP2-S148D and AQP2-S256D,
CLSM analysis revealed a vesicular localization for all AQP2 mutants that was
similar to that of wt-AQP2 (Fig. 3, left column).
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Fig. 2: Immunoblot analysis of AQP2-S148D.
Lysates of representative cell lines expressing wt-AQP2 or AQP2S148D were immunoblotted for AQP2. For wt-AQP2, the
unglycosylated 29 kDa and complex-glycosylated 40-45 kDa bands
were obtained. Besides the 29 kDa band, a 32 kDa high-mannose band
is detected for AQP2-S148D, which indicates that this mutant is
retained in the ER.

AQP2-S148D revealed a dispersed intracellular staining, which did not change
with forskolin or forskolin/PMA treatments and is typical for ER-retained proteins.
Strikingly, AQP2-S256D was, in contrast to wt-AQP2 and all other AQP2 mutants,
expressed in the apical membrane.
Phosphorylation of S256 is necessary for expression of AQP2 in the apical
membrane
To determine whether the introduced kinase site mutations affected the cAMPinduced re-distribution of AQP2 from intracellular vesicles to the apical
membrane, all cell lines were treated with forskolin and subjected to
immunocytochemistry. CLSM analysis revealed that all AQP2 mutants were
mainly expressed in the apical plasma membrane as has been previously found for
wt-AQP2, except for AQP2-S256A (Fig. 3, middle column). Of this latter mutant,
the vesicular localization did not change upon forskolin treatment, which indicated
that phosphorylation of S256 is essential for re-distribution of AQP2 from vesicles
to the apical membrane.
PMA-induced endocytosis of AQP2 from the apical plasma membrane is
independent of the phosphorylation state ofAQP2
In several in vivo studies, it has been shown that hormones and PMA that activate
the PKC pathway, counteract the AVP-induced re-distribution of AQP2 from
vesicles to the apical membrane in collecting duct cells and, therefore, the
concentration of urine (19;49). To test whether this process could be simulated in
MDCK cells and whether the kinase site mutants act differently upon activation of
the PKC pathway, all cell lines were pre-treated with forskolin and subsequently
treated with forskolin and PMA followed by immunocytochemistry. CLSM
analysis revealed that wt-AQP2 as well as all kinase site mutants were redistributed from the apical membrane to intracellular vesicles (Fig. 3. right
column).
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Fig. 3: Immunocytochemical analysis of MDCK cells expressing the different phosphorylation
site mutants. X-Z confocal images of MDCK cells expressing wt-AQP2 or the different
phosphorylation site mutants (indicated). These cells were grown to confluence and incubated O/N
with indomethacin (I) to reduce basal cAMP levels. Cells were then incubated with forskolin (IF) for
45 min or with forskolin for 45 min followed by PMA and forskolin for 45 min (IFP), both in the
presence of indomethacin. After fixation, the cells were subjected to immunocytochemistry using
anti-AQP2 antibodies. AQP2-S148D shows a dispersed ER-like pattern. All mutants, except AQP2S256A/D, were sorted and redistributed as observed for wt-AQP2. With or without forskolin, AQP2S256A was retained in vesicles, whereas AQP2-S256D was localized in the apical membrane. Upon
the combined forskolin/PMA treatment, all AQP2 proteins were internalized, except AQP2-S256A.

The vesicular localization of AQP2-S256A was not changed by the combined
forskolin-PMA treatment. These results indicated that neither phosphorylation of
the PK.C consensus site nor modification of any other putative kinase site was
needed for PMA-induced translocation of AQP2 from the apical membrane to
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intracellular vesicles. Since AQP2-S256D is also internalized with PMA, these data
also suggested that the PKC-induced redistribution of AQP2 to intracellular
vesicles is an event that is independent of de-phosphorylation of the PKA
phosphorylation site.
To biochemically establish expression of the AQP2 proteins in the apical
membrane, all cell lines were treated as above and subjected to an apical cell
surface biotinylation assay. Immunoblotting revealed that forskolin treatment
strongly increased the apical membrane expression of all AQP2 proteins (only
shown for wt-AQP2, AQP2-S229A/D and AQP2-S231A/D), except for AQP2S256A and AQP2-S256D (Fig. 4). AQP2-S256A was not detected in the apical
membrane, whereas the apical membrane expression of AQP2-S256D in
unstimulated cells was not further increased with forskolin. Incubation with
forskolin-PMA following forskolin treatment again decreased the apical membrane
expression of all kinase site mutants to undetectable levels. Immunoblotting of
equivalents of the biotinylated and lysed cells revealed that all cell lines expressed
well detectable levels of wt-AQP2 or of the AQP2 mutants (Fig. 4, total).

I

IF

IFF Total

Wt AQP2
AQP2-S229A
AQP2-S229D
AQP2-S231A
AQP2-S231D

Fig. 4: Apical cell surface
expression of the kinase site
mutants of AQP2. Cells
expressing wt-AQP2 or the
AQP2 kinase site mutants
(indicated) were grown and
treated with indomethacin (I),
indomethacin /forskolin (IF)
or indomethacin /forskolin
/PMA (IFP) as described in
the legend of Fig. 3 and
subjected to a cell surface
biotinylation assay.
Biotinylated proteins were
precipitated with streptavidinagarose
beads
and
immunoblotted for A0P2. A
sample of the lysed cells was
immunoblotted in parallel to
visualize the amount of
mutant proteins expressed.
The data confirmed the
results
obtained
by
immunocytochemistry.

AQP2-S256A
AQP2-S256D
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Forskolin specifically enhances phosphorylation ofS256
To determine whether the forskolin and forskolin-PMA induced redistribution of
AQP2 co-incided with a changed phosphorylation of the AQP2 protein, wtlO cells
and AQP2-S256A expressing cells were not stimulated or treated with forskolin or
forskolin-PMA in the presence of radio-active orthophosphate. After this treatment,
AQP2 proteins were immunoprecipitated from lysed cells, split into two equal
portions and immunoblotted for AQP2 or loaded on a gel and exposed to film.
Immunoblotting revealed that per cell line equal amounts of AQP2 were loaded for
each condition tested (Fig. 5, lower panel). Determination of the level of
phosphorylation of wt-AQP2 in wtlO cells revealed that wt-AQP2 was already
phoshorylated without stimulation, which was, following normalization for the
amounts of AQP2 loaded, increased two-fold upon stimulation with forskolin. In
contrast to wt-AQP2, AQP2-S256A was not labelled in unstimulated, forskolinstimulated or forskolin-PMA treated cells, whereas the AQP2-S256A expression
was higher than of wt-AQP2 (Fig. 5). These results showed that under steady state
conditions only S256 in AQP2 is detected as being phosphorylated and that its
level of phosphorylation is increased with forskolin.
Fig. 5: Phosphorylation of wtAQP2 and AQP2-S256A in
Wt-AQP2
AQP2-S256A
MDCK cells. Cells expressing wt_ 1 _ _IF_ _ ! _
_ I F _ JFP_
AQP2 or AQP2-S256A were grown
and treated with indo-methacin (I),
indo-mcthacin/ forskolin (IF) or
45 —
eg AQP2 indomethacin /forskolin/PMA (1FP)
as described in the legend of Fig. 3
and subjected to [32P]-oithoAQP2
phosphate labeling. After lysis, the
AQP2 proteins were immunoprecipitated, split in two portions of
31 —
AQP2
which one was separated on SDSPAGE and autoradiographed (upper
panel). The second portion was immunoblotted for AQP2 (lower panel). Unglycosylated (AQP2) and
complex-glycosylated AQP2 (cg-AQP2) are indicated and the mass of marker proteins in kDa is
given on the left. Wt-AQP2 shows a clear increase in phosphorylation with forskolin, whereas AQP2S256A is not labeled under any condition.
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PMA-induced endocytosis ofAQP2 is independent ofS256 de-phosphorylation
Data obtained for AOP2-S256A and AQP2-S256D described above demonstrated
the importance of phosphorylation of S256 to re-distribute AQP2 from intracellular
vesicles to the apical membrane. We also wanted to determine whether forskolin38
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induced translocation to the plasma membrane and subsequent re-location to
intracellular vesicles with forskolin-PMA treatment co-incides with an increased,
respectively decreased, phosphorylation of AQP2 at S256. Therefore, the different
cell lines were treated as described above and lysed. Immunoblotting of the
obtained samples, using antibodies specifically recognizing S256-phosphorylated
AQP2 (35), revealed that forskolin strongly increased the level of S256
phosphorylation of all AQP2 kinase site mutants that were re-distributed from
vesicles to the apical membrane (Fig. 6; shown for wt-AQP2, AQP2-S229A/D and
AQP2-S231A/D), with the exception of AQP2-S256A/D.

1

IF

IFF

I

IF

1FP

Wt AQP2
AQP2-S229A
AQP2-S229D
AQP2-S231A
AQP2-S231D
P-AQP2

total AQP2

Fig. 6: Phosphorylation of
wt-AQP2 and the kinase site
mutants at S256. Cells
expressing wt-AQP2 or the
AQP2 kinase site mutants (only
S229 and S231 mutants are
shown) were grown and treated
with
indomethacin
(I),
indomethacin/forskolin (IF) or
indomethacin /forskolin/PMA
(IFP) as described in the legend
of Fig. 3 and immunoblotted
using an antibody specifically
recognizing
PKAphosphorylated
AQP2
(pAQP2) or recognizing all
AQP2 forms (total AQP2).
Equal amounts of AQP2
proteins were loaded (right
panel). With all AQP2 kinase
site mutants, phosphorylation
at S256 was increased with
forskolin, which did not
decrease upon subsequent
incubation with forskolin and
PMA.

Neither AQP2-S256A, nor AQP2-S256D could be detected with these antibodies,
presumably because these mutations disrupt the epitope recognized by the antibody
(not shown). Surprisingly, treatment with forskolin-PMA following forskolin
treatment did not appear to reduce the level of phosphorylation of S256 (Fig. 6).
These results demonstrated that the PMA induced re-distribution of AQP2 from the
apical membrane to intracellular vesicles occurred independent of dephosphorylation of S256.
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Discussion
AQP2 routing to cAMP-sensitive storage vesicles is a phosphorylation
independent process
In this study, putative kinase sites were changed into Ala or Glu/Asp residues to
investigate the involvement of putative phosphorylation sites in AQP2 routing and
regulation of its shuttling in MDCK cells.
Immunocytochemical analysis revealed that, except for AQP2-S148D, all AQP2
kinase site mutants were routed to intracellular vesicles, as shown by the observed
spot-like structures. The dispersed staining of AQP2-S148D (Fig. 3) is typical for
an ER-retained protein. This was confirmed by the appearance of a 32 kDa band on
immunoblot (Fig. 2), which has been shown to represent a high mannose
glycosylated form of AQP2 (8). One could argue that the ER retention of AQP2S148D indicates that AQP2 is phosphorylated at S148 while residing in the ER and
needs to be de-phosphorylated to continue its route to storage vesicles. Inconsistent
with this, however, is that AQP2-S148A, which can not be phosphorylated at S148,
is not impaired in its routing to intracellular vesicles (Fig. 3). Also, S148 is located
close to or is part of transmembrane domain four (Fig. 1) and transmembrane
domains are considered to be highly sensitive to amino acid changes, resulting in
improperly folded proteins. Indeed, many of the misfolded AQP2 proteins,
encoded in patients suffering from Nephrogenic Diabetes Insipidus, are caused by
mutations in transmembrane domains (7). Most likely, therefore, AQP2-S148D is a
misfolded protein. Since all other AQP2 kinase site mutants, except AQP2-S256A
(see below), are, as wt-AQP2, translocated from vesicles to the apical membrane
upon forskolin treatment (Figs. 3,4), our data indicate that the routing of AQP2 to
cAMP-sensitive storage vesicles is (de-)phoshorylation independent.
Phosphorylation ofS256 is necessary and sufficient for localization of AQP2 in
the apical plasma membrane
Using LLC-PK| cells expressing AQP2-S256A, it has been shown that
phosphorylation of S256 is needed for AQP2 translocation from vesicles to the
basolateral membrane (17;22). The vesicular localization of AQP2-S256A in
oocytes indicated that also in these cells, phosphorylation of S256 was essential for
plasma membrane expression (21). In contrast, the exclusive plasma membrane
expression of AQP2-S256D in oocytes indicated that this protein mimics
constitutively-phosphorylated AQP2, since this localization is identical to that of
wt-AQP2, which is in these cells under basal conditions phosphorylated at S256 to
a high level (21). Because the level of S256 phosphorylation could not be
modulated in oocytes, its role in the regulation of AQP2 shuttling could not be
studied further in these cells.
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In MDCK cells, however, induction of the cAMP pathway by AVP, cAMP or
forskolin is needed to induce the re-distribution of wt-AQP2 from storage vesicles
to the apical membrane (1), which co-incides with an increased level of S256
phosphorylation (Figs 5, 6). In these cells, forskolin treatment did not change the
vesicular localization of AQP2-S256A (Fig. 3), which was underscored by the lack
of detection of AQP-S256A in the apical membrane with the biotinylation assay
(Fig. 4). This clearly showed that phosphorylation of S256 in wt-AQP2 is also
needed for AQP2 translocation to the apical plasma membrane. Recently, it was
speculated that S256 needs to be phosphorylated by the Golgi CKII and
subsequently de-phosphorylated before its itinerary to storage vesicles could be
continued (39). Co-localization studies using antibodies that recognize the Golgi
marker proteins 58K and giantin, however, did not reveal any co-localization with
AQP2-S256A nor AQP2-S256D (not shown), which showed that in MDCK cells
(de-)phosphorylation of S256 is not needed to exit the Golgi complex.
In contrast to AQP2-S256A, AQP2-S256D was already expressed in the apical
plasma membrane without stimulation of the cAMP cascade with forskolin (Figs.
3,4). This revealed that phosphorylation of just S256 in AQP2 is sufficient for
AQP2 localization in the apical membrane and suggests that other vasopressininduced intracellular changes are not needed for translocation of AQP2. This seems
inconsistent with existing literature, because vasopressin-induced tethering of PKA
to AQP2-containing vesicles and depolymerization of the actin cytoskeleton via
inhibition of the Rho GTPase were shown to be essential for AQP2 translocation to
the plasma membrane (26;27;45).
The following model might explain these seemingly contradictions: AQP2 is
thought to reside in two vesicle pools: a recycling pool, which continuously
shuttles AQP2 to and from the apical membrane, but rapidly changes the balance of
AQP2 expression to the apical membrane upon hormonal stimulation, and a storage
pool, which is transported along microtubules to the apical pole and delivers its
cargo to the recycling pool upon stimulation (3;25;37;38). This hypothesis is
consistent with the biphasic increase in vasopressin-induced AQP2-mediated water
permeability in collecting ducts (48) and MDCK cells (PMT Deen, unpublished
data), because the latter process is much slower than the former. The study
presented here is consistent with this hypothesis of two vesicle pools: the storage
vesicles are detected as clear intracellular spots, as observed for AQP2-S256A, and
wt-AQP2 and other AQP2 kinase mutants in unstimulated cells, whereas AQP2 in
the recycling pool is detected as being localized in the apical membrane, as found
for AQP2-S256D with or without stimulation or for wt-AQP2 in stimulated cells.
The assumption that the latter protein cycle to and from the apical membrane is
corroborated by the data that treatment of stimulated wt-AQP2 or AQP2-S256D
cells with cytochalasin D, which affects the actin cytoskeleton, resulted in
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numerous vesicles distributed throughout the cytoplasm (not shown). The
constitutively phosphorylated state of S256, mimicked in AQP2-S256D, thus
conveys the protein a strong tendency to localize in recycling vesicles instead of
storage vesicles.
Of further interest is that apical cell surface biotinylation experiments revealed that,
although AQP1 and AQP2-N220, which is an AQP1 protein in which the C-tail is
exchanged for that of AQP2, are already expressed in the apical membrane of
MDCK cells without stimulation, forskolin still caused a nearly two-fold increase
in their apical membrane expression (13). In contrast, the reporter protein TMRPlap (13) and AQP2-S256D (Fig. 4) did not show any increase in apical expression
with forskolin. These data suggest that, within the continuous shuttling process
between recycling vesicles and the plasma membrane, AQP2-S256D (and TMRPlap) in unstimulated cells is preferentially localized in the apical membrane, in
contrast to AQP1 and AQP2-N220. Since the tendency of AQP2-S256D to localize
in the apical membrane is continuously present, a slow uni-directional transport of
AQP2-S256D from storage vesicles to the apical membrane and/or a strongly
reduced endocytosis of AQP2-S256D from the plasma membrane following the
three days of culturing, provides an explanation for the apical expression of AQP2S256D in unstimulated cells, for which PKA. tethering and cytoskeletal
rearrangements might not be needed. Therefore, we believe that the apical
membrane localization of AQP2-S256D is not dependent on the translocation
machinery needed to shuttle wt-AQP2 from storage vesicles to the apical
membrane, but does reveal that, on a long term, phosphorylation of AQP2 is
sufficient for apical membrane localization.
PMA-induced endocytosis ofAQP2 occurs independently of the phosphorylation
state o/AQPZ
In terminal IMCD segments, activation of the PKC pathway has been shown to
counteract the AVP-induced AQP2-mediated water permeability by increasing the
vesicular versus apical membrane localization of AQP2. In MDCK cells, this
process could be mimicked by PMA treatment, because, following forskolin
stimulation, this drug triggered the re-distribution of AQP2 proteins from the apical
membrane to intracellular vesicles.
Three different types of experiments provided information on the role of
phosphorylation of the putative AQP2 kinase sites in the PMA-induced PKCmediated endocytosis of AQP2. At first, wt-AQP2 and all kinase site mutants, with
the exception of AQP2-S256A/D mutants, were targeted to intracellular vesicles
without stimulation and were re-distributed to the apical membrane upon forskolin
treatment (Figs. 3, 4). This indicated that the constitutively phosphorylated state of
the putative PKC site, nor the constitutively (de-)phosphorylated state of any CKII
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site, was sufficient to maintain a steady state vesicular localization upon treatment
with forskolin. Secondly, PMA treatment did not result in the phosphorylation of
any putative phosphorylation site, as shown by the lack of phosphate labeling of
AQP2-S256A (Fig. 5). Thirdly, PMA-forskolin treatment following forskolin
stimulation re-distributed all kinase site mutants from the apical membrane to
vesicles throughout the cell, which indicated the PMA-induced endocytosis
overruled the apical membrane targeting triggered by S256 phosphorylation. This
was underscored by the finding that all kinase site mutants were still
phosphorylated at S256 to a high extent although they were located in vesicles
(Fig. 6).
Our data, therefore, strongly suggest that a PKC-induced retrieval of AQP2 from
the apical membrane of collecting duct cells is a process that occurs independently
of the phosphorylation state of AQP2. For S256 in AQP2, this hypothesis is in line
with data from Zelenina et al., who showed that in isolated rat inner medulla
prostaglandin E2 induces internalization of AQP2 without decreasing the amount of
PKA-phosphorylated AQP2 (49). In collecting ducts, vasopressin is known to
induce a de- and re-polymerization of the actin cytoskeleton (43), and
cytochalasins, which disrupt actin filaments, markedly inhibit the vasopressin
response in target epithelia (36). In addition, it has been shown that Rho, which
belongs to a family of proteins involved in the regulation of F-actin polymerisation,
inhibits the translocation of AQP2 to the plasma membrane in cultured cells
(27;45). Since PKC activation has been shown to disintegrate the actin
cytoskeleton in confluent MDCK monlayers (23;46), it is therefore most likely that
the inhibitory effect of PMA-activated PKC pathways on vasopressin-induced
AQP2 translocation to the apical membrane is conveyed through cytoskeletal
rearrangements.
Acknowledgements
This study was supported by a grants from the Dutch Organization of Scientific Research
(NWO-MW 902-18-292) to PMTD and PvdS, from the European Union (QLRT-200000778) to PMTD, form the Danish National Research Foundation to SN, and from the
Australian Research Council, the National Health and Medical Research Council and the
University of Queensland to DM.
References

1.
2.
3.

Beri ,T- 1997. Protein kinases in the action of vasopressin. Kidney Int S2-S5.
Bren ,G.D., Pennington, Κ Ν., and Paya, C.V. 2000. PKC-zeta-associated CK2 participates
in the turnover of free IkappaBalpha. J Mol Bio! 297:1245-1258.
Breton, S. and Brown, D. 1998. Cold-induced microtubule disruption and relocahzation of
membrane proteins in kidney epithelial cells. J Am Soc Nephrol 9:155-166.

43

Phosphorylation ofAQP2
4.
5.

6.

7.

8.

9.
10.

11.

12.
13.

14.

15.

16.

17.

18.
19.
20.

21.

22.

Brewer, C.B. 1994. Cytomegalovirus plasmid vectors for permanent lines of polarized
epithelial cells. Methods Cell Β ιοί 43 Pt A:233-245.
Chou, CL., Yip, K.P., Michea, L., Kador, Κ., Ferraris, J.D., Wade, J.B., and Knepper, M.A.
2000 Regulation of aquaponn-2 trafficking by vasopressin in renal collecting duct: roles of
ryandoine-sensitive Ca2+ stores and calmodulin. J Biol Chem 275:36839-36846.
Christensen, B.M., Zelenma, M., Apena, Α., and Nielsen, S. 2000. Localization and
regulation of PKA-phosphorylated AQP2 in response to V(2)-receptor agonist/antagonist
treatment. Am J Physiol Renal Physiol 278: F29-F42.
Decn, P.M.T. and Brown, D. 2001. Trafficking of native and mutant mammalian MIP
proteins. Hohmann, S., Agre, P., and Nielsen, S., editors. Academic Press, San Diego, CA,
USA. 235-276.
Deen, P.M.T., Croes, Η , van Aubel, R.A., Ginsei, L.A., and van Os, CH. 1995. Water
channels encoded by mutant aquaporin-2 genes in nephrogenic diabetes insipidus are
impaired in their cellular routing. J Clin Invest 95:2291-2296.
Deen, P.M.T. and Knoers, N.V.A.M. 1998. Physiology and pathophysiology of the
aquaporin-2 water channel. Curr Opin Nephrol Hypert 7:37-42.
Deen, P.M.T., Nielsen, S., Bindels, R.J.M., and van Os, CH. 1997. Apical and basolateral
expression of Aquaporin-1 in transfected MDCK and LLC-PK cells and functional
evaluation of their transcellular osmotic water permeabilities. Pflugers Arch 433:780-787.
Deen, P.M.T., Rijss, J.P.L., Mulders, S.M., Errington, R.J., van Baal, J., and van Os, CH.
1997. Aquaporin-2 transfection of Madin-Darby canine kidney cells reconstitutes
vasopressin-regulated transcellular osmotic water transport. J Am Soc Nephrol 8:14931501.
Deen, P.M.T., van Aubel, R.A., van Lieburg, A.F., and van Os, CH. 1996. Urinary content
of aquaporin 1 and 2 in nephrogenic diabetes insipidus. J Am Soc Nephrol 7.836-841.
Deen, P.M.T., van Balkom, B.W., Savelkoul, P.J., Kamsteeg, E.J., Van Raak, M., Jennings,
M.L., Muth, T.R., Rajendran, V., and Caplan, M.J. 2002. Aquaporin-2: COOH terminus is
necessary but not sufficient for routing to the apical membrane. Am J Physiol Renal Physiol
282:F330-F340.
Egelhoff, T T , Lee, R.J., and Spudich, J.A. 1993. Dictyostelium myosin heavy chain
phosphorylation sites regulate myosin filament assembly and localization in vivo. Cell
75:363-371.
Estrera,V.T, Chen, D.T., Luo, W., Hixson, D.C, and Lin, S.H. 2001. Signal transduction
by the CEACAM1 tumor suppressor. Phosphorylation of senne 503 is required for growthinhibitory activity. J Biol Chem 276:15547-15553.
Fujioka, T. and Ui, M. 2001. Involvement of insulin receptor substrates in epidermal growth
factor induced activation of phosphatidylinositol 3-kinasc in rat hepatocyte primary culture.
EurJBiochem 268:25-34.
Fushimi, K., Sasaki, S., and Marumo, F. 1997. Phosphorylation of serine 256 is required for
cAMP- dependent regulatory exocytosis of the aquaporin-2 water channel. J Biol Chem
272:14800-14804.
Graham, F.L. and Eb, A.J. 1973. A new technique for the assay of infectivity of human
adenovirus 5 DNA. Virol 52:456-467.
Han, J.S., Maeda, Y., Ecelbarger, C , and Knepper, M.A. 1994. Vasopressin-independent
regulation of collecting duct water permeability. Am .//Vi)ttz'o/266:FI39-F146.
Jones, B.G., Thomas, L., Molloy, S.S., Thulin, C D., Fry, M.D., Walsh, K.A., and Thomas,
G. 1995. Intracellular trafficking of furin is modulated by the phosphorylation state of a
casein kinase II site in its cytoplasmic tail. EMBOJ 14:5869-5883.
Kamsteeg, E.J., Heijnen, I., van Os, C.H., and Decn, P.M.T. 2000. The Subcellular
Localization of an Aquaporin-2 Tetramer Depends on the Stoichiometry of Phosphorylated
and Nonphosphorylated Monomers. J Cell Biol 151:919-930.
Katsura, T., Gustafson, CE., Ausiello, D.A., and Brown, D. 1997. Protein kinase A
phosphorylation is involved in regulated exocytosis of aquaporin-2 in transfected LLC-PK 1
cells .4mJP/î>'s/o/41:F816-F822.

44

Chapter 2
23.
24.

25.
26.

27.

28.

29.
30.

31.

32.

33.

34.
35.

36.
37.

38.
39.

40.

41.

Keenan, C. and Kelleher, D. 1998. Protein kinase C and the cytoskeleton. Cell Signal
10:225-232.
Kishore, B.K., Chou, CL., and Knepper, M.A. 1995 Extracellular nucleotide receptor
inhibits AVP-stimulated water permeability in inner medullary collecting duct. Am J
Physiol 38:F863-F869.
Klussmann, E., Marie, K., and Rosenthal, W. 2000. The mechanisms of aquaporin control
in the renal collecting duct. Rev Physiol Biochem Pharmacol 141:33-95.
Klussmann, E., Marie, K., Wicsner, B., Beyermann, M., and Rosenthal, W. 1999. Protein
kinase A anchoring proteins are required for vasopressin- mediated translocation of
aquaporin-2 into cell membranes of renal principal cells. J Biol Chem 274:4934-4938.
Klussmann, E., Tamma, G., Lorenz, D., Wiesner, B., Marie, K., Hofmann, F., Aktorics, Κ.,
Valenti, G., and Rosenthal, W. 2001. An inhibitory role of Rho in the vasopressin-mediated
translocation of aquaporin-2 into cell membranes of renal principal cells. J Biol Chem
276:20451-20457.
Maciejewski, P.M., Peterson, F.C, Anderson, P.J, and Brooks, C.L. 1995. Mutation of
serine 90 to glutamic acid mimics phosphorylation of bovine prolactin. J Biol Chem
270:27661-27665.
Maeda, Y., Terada, Y., Nonoguchi, H., and Knepper, M.A. 1992. Hormone and autacoid
regulation of cAMP production in rat IMCD subsegments. Am J Physiol 263.¥3\9-¥3Π.
Marr, N., Bichet, D.G., Lonergan, M., Arthus, M.F., Jeck, N., Seyberth, H.W., Rosenthal,
W., van Os, C.H., Oksche, Α., and Deen, P.M.T. 2002. Heteroligomenzation of an
Aquaporin-2 mutant with wild-type Aquaporin-2 and their misrouting to late
endosomes/lysosomes explains dominant nephrogenic diabetes insipidus. Hum Mol Genet
11:779-789.
Mulders, S.M., Bichet, D.G., Rijss, J.P.L., Kamsteeg, E.J., Arthus, M.F., Lonergan, M.,
Fujiwara, M., Morgan, K., Leijendekker, R., van der Sluijs, P., van Os, C.H. and Deen,
P.M. 1998. An aquaporin-2 water channel mutant which causes autosomal dominant
nephrogenic diabetes insipidus is retained in the Golgi complex. J Clin Invest 102:57-66.
Nadler, S.P., Zimpelmann, J.Α., and Hebert, R.L. 1992. Endothelin inhibits vasopressinstimulated water permeability in rat terminal inner medullary collecting duct. J Clin invest
90:1458-1466.
Nadler, S.P., Zimpelmann, J.Α., and Hebert, R.L. 1992. PGE2 inhibits water permeability at
a post-cAMP site in rat terminal inner medullary collecting duct. Am J Physiol 262.F229F235.
Nielsen, S., Frokiaer, J., and Knepper, M.A. 1998. Renal aquaporms: key roles in water
balance and water balance disorders. Curr Opin Nephrol Hypertens 7:509-516.
Nishimoto, G., Zelenina, M., Li, D., Yasui, M., Aperia, Α., Nielsen, S., and Nairn, A.C.
1999. Arginine vasopressin stimulates phosphorylation of aquaporin-2 in rat renal tissue.
Am J Physiol 276:F254-F259.
Pearl, M. and Taylor, A. 1985. Role of the cytoskeleton in the control of transcellular water
flow by vasopressin in amphibian urinary bladder. Biol Cell 55:163-172.
Phillips, M.E. and Taylor, A. 1989. Effect of nocodazole on the water permeability
response to vasopressin in rabbit collecting tubules perfused in vitro. J Physiol (Land)
411:529-544.
Phillips, M.E. and Taylor, A. 1992 Effect of colcemid on the water permeability response
to vasopressin. J Physiol (Land) 456:591-608.
Procino, G., Brunati, A.M., Marin, O., Contn, Α., Pinna, L.A., Svelto, M., and Valenti, G.
1999. Potential role for the Golgi casein kinase in regulating Aquaporin-2 trafficking within
the Golgi network. J Am Soc Nephrol 10:23A.
Sanghera, J.S., Charlton, L.A., Paddon, H.B., and Pelech, S.L. 1992 Purification and
charactenzation of echinoderm casein kinase II. Regulation by protein kinase C. Biochem J
283(Pt3):829-837.
Schlegel, Α., Arvan, P., and Lisanti, M.P. 2001. Caveolm-l binding to endoplasmic
reticulum membranes and entry into the regulated secretory pathway are regulated by serine

45

Phosphorylation ofAQP2

42.

43.
44.

45.

46.

47.

48.
49.

50.

phosphorylation. Protein sorting at the level of the endoplasmic reticulum. J Biol Chem
276:4398-4408.
Scott, D.B., Blanpied, T.A., Swanson, G.T., Zhang, C , and Ehlers, M.D. 2001. An NMDA
receptor ER retention signal regulated by phosphorylation and alternative splicing. J
Neurosci 21:3063-3072.
Simon, H., Gao, Y., Franki, N., and Hays, R.M. 1993. Vasopressin depolymenzes apical Factin in rat inner medullary. Am J Physiol 265:C757-C762.
Straussman, R., Even, L., and Ravid, S. 2001. Myosin II heavy chain isoforms are
phosphorylated in an EGF-dependent manner: involvement of protein kinase C. J Cell Sci
114.3047-3057.
Tamma, G., Klussmann, E., Marie, K., Aktories, K., Svelto, M., Rosenthal, W., and Valenti,
G. 2001. Rho inhibits cAMP-induced translocation of aquaporin-2 into the apical
membrane of renal cells. Am J Physiol Renal Physiol 281 :F 1092-F1101.
Vaaraniemi, J., Palovuon, R., Lehto, V.P., and Eskelinen, S. 1999. Translocation of
MARCKS and reorganization of the cytoskeleton by PMA correlates with the ion
selectivity, the confluence, and transformation state of kidney epithelial cell lines. J Cell
Physiol 181:83-95.
van Tiel, CM., Westenman, J., Paasman, M.A., Hoebens, M.M., Wirtz, K.W., and Snoek,
G.T. 2002. The Golgi localization of phosphatidylinositol transfer protein beta requires the
protein kinase C-dependent phosphorylation of serine-262 and is essential for maintaining
plasma membrane sphingomyelin levels. J Biol Chem 277:22447-22452.
Wall, S.M., Han, J.S., Chou, CL., and Krepper, Μ.Α. 1992. Kinetics of urea and water
permeability activation by vasopressin in rat terminal IMCD. Am J Physiol 262:F989-F998.
Zelenma, M., Chnstensen, B.M., Palmer, J., Nairn, A.C., Nielsen, S., and Aperia, A. 2000.
Prostaglandin E(2) interaction with AVP: effects on AQP2 phosphorylation and
distribution. Am J Physiol Renal Physiol 278:F388-F394.
Zhang, W.Y., Gaynor, P.M., and Kruth, H.S. 1997. Aggregated low density lipoprotein
induces and enters surface-connected compartments of human monocyte-macrophages.
Uptake occurs independently of the low density lipoprotein receptor. J Biol Chem
272:31700-31706.

46

47

Chapter 3
Lack of AVP-induced phosphorylation
of the Aquaporin-2 mutants AQP2R254L and AQP2-R254Q explains
dominant
Nephrogenic
Diabetes
Insipidus.
Paul JM Savelkoul1#, Fabrizio de Mattia1*, Erik-Jan Kamsteeg1,
Irene BM Konings1, Carel H van Os1, Peter van der Sluijs2,
Alexander Oksche3, Gary Robertson4, Peter MT Deen1.
1

2
3

4

#

Dept of Physiology, Nijmegen Center for Molecular Life Sciences,
Nijmegen,the Netherlands
Dept of Cell Biology, UMC Utrecht, Utrecht, the Netherlands
Forschungsinstitut fur Molekulare Pharmakologie, Campus Berlin Buch,
Robert-Roessle-Strasse 10, 13125 Berlin, Federal Republic of Germany
Femberg School of Medicine of Northwestern University, Chicago, IL,
USA

Both authors contributed equally

Submitted for publication

Decreased phosphorylation of AQP2-mutants
Abstract
Vasopressin regulates the human water homeostasis by translocating vesicles
containing homotetrameric Aquaporin-2 (AQP2) water channels to and from 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. Mutations in the AQP2 gene cause recessive and dominant Nephrogenic
Diabetes Insipidus (NDI), a disease in which the kidney is unable to concentrate
urine in response to vasopressin. Here, we identified two families, in which
dominant NDI was caused by R254L and R254Q mutations in AQP2, which
destroy the PKA consensus site. Expressed in oocytes, both mutants appeared
functional water channels, but were impaired in their transport to the cell surface to
the same degree as AQP2-S256A, which mimics non-phosphorylated AQP2. In
polarized MDCK cells, they were retained in intracellular vesicles in a distribution
pattern that was similar to that of unstimulated wt-AQP2 or AQP2-S256A. In
contrast to wild-type AQP2, their level of S256 phosphorylation was not increased
upon forskolin treatment, which co-incided with an unchanged subcellular
localization. Upon co-expression, both mutants interacted with and retained wtAQP2 in intracellular vesicles. These data indicated that in these families,
dominant NDI is caused by the inability to phosphorylate the mutants at S256 by
PKA and, as such, they represent the first AQP2 mutants in which dominant NDI is
caused by a loss of function instead of a gain of function. Since they mimic nonphosphorylated AQP2, the wt/mutant AQP2 complexes in the patients are, as found
for wt-AQP2 though to a lesser extent, also expected to cycle to the apical
membrane, which provides an explanation for the significant increase in urine
concentrating ability in the NDI patient upon long-term dehydration of dDAVP
treatment. These results furthermore provide the first in vivo evidence of the
importance of S256 phosphorylation for AQP2 translocation and underscore the
relevance of the identification of the molecular cause of a disease in order to
provide a rationally based treatment to the patient.
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Introduction
Water and salt balance in the body is maintained within strict boundaries. With
hypematremia or hypovolemia, vasopressin (AVP) is released from the pituitary
gland and transported to the kidney were it binds to the 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 its turn increases protein kinase A (PKA) activity. PKA
is then supposed to phosphorylate several proteins, among which the aquaporin-2
(AQP2) water channel that resides in intracellular vesicles. Phosphorylated AQP2
(p-AQP2) proteins are then targeted and inserted into the apical membrane, which
renders the cells water permeable. 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 redistribution of AQP2 from the plasma membrane to intracellular vesicles (33;43).
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 or the AQP2 gene. Mutations in the AVPR2 gene cause the
X-linked recessive form of NDI (36;41), whereas autosomal recessive and
dominant traits of NDI are caused by mutations in the AQP2 gene (12;31;42).
Expression studies revealed that missense AQP2 mutants encoded in recessive
NDI, display an impaired sorting to the plasma membrane due to retardation in the
endoplasmic reticulum (ER) (28), whereas properly-folded mutants in dominant
NDI are missorted and exert their dominant effect by inhibiting the proper sorting
of wt-AQP2 to the apical membrane after the formation of heteroligomers.
Depending on the mutation, however, the mutants in dominant NDI are missorted
to different subcellular destinations (1;16;20;24;29;30). Resolving the subcellular
localization of these mutants and the underlying molecular cause for their
missorting attributes to our understanding of potential causes of diseases in general
and is essential for the development of putative therapeutic treatments. In addition,
it will provide information on signals involved in sorting of proteins in general and
on regulatory segments in AQP2 in particular.
In this study, we identified two novel mutations in families with dominant NDI
encoding AQP2-R254L and AQP2-R254Q proteins. These AQP2 mutants were
expressed in oocytes and polarized epithelial MDCK cells, and analyzed in detail
to unravel the mechanism and the molecular cause of dominant NDI in these
families.
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Materials and methods
Analysis of patients.
Clinical analysis of blood and urine osmolanties and levels of sodium, potassium, urea,
creatinine, glucose and AVP was done by standard procedures Infusion of l-deamino-8-Dargimne vasopressin (dDAVP) was performed for 30 min as described (0 3 μg/kg of body
weight,(3) The V2R genes of the patients and their relatives were sequenced as described
(35) The AQP2 gene of the patients and their relatives was sequenced using genomic DNA
as described (2) The mutations described in this paper were obtained after amplifying exon
1 with primer F(orward)l (5'-GCGAGAGCGAGTGCCCG-3'), R(everse)l (5'CCCAGGACCTGCCCCTTGT-S'), and exons 2 to 4 with primers F2 (5'-CAGGAAGATGGAGCCAGAGAG-3'), Aql3 (5'-TGCTCAC-AGCACTGGCC TG-3') The following
sequencing primers were used for exon 1 Aq7 (S'-AGCATCCTGGCCCTGAGACA-S')
and Rl, for exon 2 R2 (S'-GTCCCT CTTGGGGTCTCTGTG-3'), for exon 3 R3 (5'CCCCATCCCATGCTATTCCAG-3'), for exon 4 Aq9R (5'-TCAGGCCTTGGTACCCCGT-3') and Aqll (5'-CTACAACTACGTGCTGTTTCCGC-3') Haplotype analysis
was carried out using AQP2 flanking markers (25) and provided support that the pedigree
was consistent with stated biologic parentage
Constructs.
The constructs encoding pT7Ts-AQP2, pT7Ts-AQP2-R187C, pT7Ts-AQP2-S256A,
pT7Ts-wt-AQP2-F, and G-AQP2 were as described (12,20,28,30) The cDNAs coding for
pT7Ts-AQP2-R254L or pT7Ts-AQP2-R254Q were made by introducing the mutations into
pT7Ts-AQP2 with the Altered Sites mutagenesis kit (Promega, Madison, WI) using the
primers 5'- CGAGGTGCGACGTCTGCAGTCGGTGG-3 ' and 5'- GGTGCGACGGCAGCAGTCGGTGG-3 '. respectively Introduction of only the desired mutations was
confirmed by DNA sequence analysis To generate pCB6-AQP2-R254L or pCB6-AQP2R254Q, AQP2-R254L/R254Q was digested from pT7Ts-R254L/R254Q with Bgill and
Spel and ligated into the Bgäl and Xbal sites of the eukaryotic expression vector pCB6 To
generate FLAG (DYKDDDDK) -tagged-AQP2 expression constructs, pBluescnpt-FLAGwtAQP2 (20) was cut with Noll, blunted and digested with Hmdlll, 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 BamHl site was cut,
blunted and rehgated Next, the F-AQP2 fragment was ligated into the blunted Kpnl site
and the Hmdlll of pCB7-ASaOTHI to yield pCB7-A5i7wHI-F-AQP2 To generate pCB7-FAQP2-R254L/Q, pT7Ts-AQP2-R254L/Q plasmids were digested with BamHl and Kpnl, a
300 bp fragment isolated and cloned into the corresponding sites of pCB7-A5awHI-FAQP2
Oocytes.
The obtained pT7Ts constructs were linearized with Sail Transcription of pTyT^-constructs
and analysis of their integrity was done as described (30) cRNA injection of oocytes and
analysis of their water permeabilities in a standard swelling assay were done as reported
(12) 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 (17)
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MDCK cells.
MDCK cells were cultured and stably transfected with expression constructs using the
calcium-phosphate precipitation technique as described (9) Selection of G418-resistant
clones and immunocytochemistry of transfected MDCK cells was done as described (11)
MDCK cell lines stably expressing wt-AQP2 (wt-10), AQP2-S256A or GFP-tagged AQP2
were as described (10,28,40) 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 protein GOS28 were as described (14) Polyclonal antibodies
against the Golgi marker protein Giantin were from obtained from Dr Y Ikehara, Fukuoka
University School of Medicine or against the ER marker protein PDI were kindly provided
by Dr I Braakman, University of Utrecht Monoclonal antibodies (clone AC 17) against the
late endosomal/lysosomal marker Lamp2 were kindly provided by Dr Le Bivic, Marseille,
France Anti-rabbit and anti-mouse secondary antibodies coupled to Alexa 488 or 594 were
obtained 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 3fold magnification Co-localization was measured using the MetaMorph11 Imaging System
software, Universal imaging corporation, Dowmngtown, PA, USA Orthophosphate
labeling of MDCK cells, immunoprecipitation and immunoblotting were performed as
described (40)
Densitometrical analysis.
To relate the phosphorylation levels of AQP2-R254L and AQP2-R254Q with that of wtAQP2, immunoblot and [32P]-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 in parallel blotted or separated by SDSPAGE 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-R254L or AQP2R254Q proteins, the level of phosphorylation was normalized for the amount of
immunoprecipitated AQP2 and expressed as a percentage of phosphorylated wt-AQP2
protein under unstimulated condition, which was set at 100%
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Results
Phenotypic analysis of the patients
Family 1. The proband of family 1 presented with polyuria and polydipsia within
the first year of life. The male patient is now 48 years old and mentally retarded,
most likely as a result of recurrent hypematriemic episodes. The father of the
patient, who has passed away, also had a history of polydipsia and polyuria. The
mother was not affected.
Family 2. The proband is a 5 year old girl, who exhibited unusual thirst from birth,
was noted to be polyuric at 18 months and was diagnosed DI at 5 years. Her
physical examination, including height and weight were normal for her age (50lh
percentile). 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 (Uosm)
was very low (58 mosmol/kg) and her 24 hour urine volume (Uvol) was high (5.9
L or 280 ml/kg). Her urine volume and osmolality did not change in response to
standard therapeutic doses of desmopressin, indicating she had moderately severe
NDI. However, when deprived of fluid for 5 hours, she developed mild hypertonic
dehydration, and raised her Pvp and Uosm to 22.3 pg/ml and 220 mosmol/kg,
respectively. When rehydrated and given a supra-physiologic dose of desmopressin
(6.3 μg iv in 20 min), her Uosm rose to 258 mosmol/kg after 120 min, confirming a
partial antidiuretic response to stimulation of the AVPR2 receptor. The sister,
father and mother of the proband had normal urine concentrating abilities.
Genotypic analysis of the NDI families
Since mutations in the sex-linked AVPR2 gene are the most common cause of
congenital NDI and this gene could not be excluded on basis of the NDI
inheritance within the families, its sequence was determined. However, no
mutation in the AVPR2 coding sequence was found. Subsequent genomic analysis
of the AQP2 gene of the proband of family 1 revealed a mutation in one allele
(G761T), which leads to an AQP2 protein in which Arg254 is exchanged for a Leu
(AQP2-R254L). The AQP2 genes of the mother revealed no mutation (Fig. 1;
R254L). Genomic sequence analysis of the AQP2 gene of the proband of family
two revealed a G761A substitution in one allele of the AQP2 gene. This change
predicts replacement of the same arginine (R254) for glutamine in Aquaporin-2
(Fig 1; R254Q). Since the AQP2 genes of the parents were normal, the G761A
substitution was a de novo mutation.
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Figure 1. Inheritance of Ν DI
in the studied families. For the
two families studied, healthy
(open symbols) and affected
individuals (closed symbols),
male (squares) or females
(circles)
and the AQP2
mutation or normal (n) allele
arc indicated.

Functional analysis ofAQP2-R254L and AQP2-R254Q in oocytes
Using antibodies that recognize S256-phosphorylated AQP2 (p-AQP2), Nishimoto,
Christensen and colleagues were able to show that in vivo, AQP2 is phosphorylated
at S256 (7;34). Also, in vitro studies have shown that phosphorylation of AQP2 at
S256 is essential for its AVP-induced translocation from vesicles to the plasma
membrane, because AQP2-S256A, which mimics non-phosphorylated AQP2, is
retained in vesicles (13;18;34;40). Since R254 in AQP2 is part of the PKA
phosphorylation consensus site (R-R254-X-S), we hypothesized that the R254L and
R254Q mutations in AQP2 might interfere with proper phosphorylation of S256.
To determine whether the identified missense mutations could be the underlying
cause for NDI in these two families, each mutation was introduced into the AQP2
cDNA sequence, cloned into an oocyte expression vector and transcribed.
Subsequently, oocytes were injected with different amounts of cRNA encoding
AQP2-R254L, AQP2-R254Q, wt-AQP2 or AQP2-S256A. Determination of the
water permeabilities (Pf) revealed that the Pfs of oocytes expressing AQP2-R254L
(79.3125.5; n=8) or AQP2-R254Q (25.914.2; n=8) from 1 ng injections were
significantly higher than those of controls (p=lxlO' 5 and 4x10^, respectively),
which showed that both mutants were functional water channels (Fig. 2A). 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, densitometric scanning of the signals and comparison
to a two-fold dilution series of wt-AQP2, which was blotted in parallel, revealed
that the expression levels of AQP2-R254L and AQP2-R254Q with 1 ng injections
were in between that of wt-AQP2 expressing oocytes, injected with 1 and 3 ng
cRNA (Fig. 2B, TM). In the plasma membrane fraction of 1 ng injections,
however, the expression of AQP2-R254L and AQP2-R254Q was about 6-fold less
than that found for wt-AQP2. Consistently, the total expression of AQP2-R254L or
AQP2-R254Q from 1 ng injections (Fig. 2B, TM) was higher than that of oocytes
injected with 0.3 ng wt-AQP2 cRNA, but their plasma membrane expression levels
55

Decreased phosphorylation of AQP2-mutants
were less. These data indicated that AQP2-R254L and AQP2-R254Q were
impaired in their trafficking to the plasma membrane. As reported (18), AQP2S256A was also impaired in its transport to the cell surface. For 1 ng injections, the
TM and PM expression levels of AQP2-R254L and AQP2-R254Q were slightly
increased compared to AQP2-S256A.

Figure 2. Functional analysis
and
expression of AQP2R254L and AQP2-R254Q in
oocytes. A) Water permeability
in oocytes. Three days after
injection
of
the
indicated
amounts of wt-AQP2, AQP2R254L, AQP2-R2540 or A0P2S256A cRNA, oocytes were
subjected to a standard swelling
assay. Non-injcctcd
oocytes
were taken as a control (C).
Mean water permeabilities (Pf)
and SEM of 12 oocytes are
shown. B) AQP2 expression in
oocytes. From
12
oocytes
injected as described above, total
membranes (TM) or plasma
membranes (PM) were isolated.
Subsequently, equi-valents of
one (TM) or four (PM) oocytes
were immuno-blotted for AQP2.
Molecular masses (in kDa) are
indicated on the right.
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Comparison to the two-fold dilution series, however, revealed that the level of
AQP2-S256A retention was similar to that of AQP2-R254L and AQP2-R254Q,
which could indicate that the molecular cause of their retention in oocytes is
identical.
AQP2-R254L and AQP2-R254Q heteroligomerize with wt-AQP2
Other AQP2 mutants in dominant NDI exert their dominant effect by forming
heteroligomers with wt-AQP2 (16;20;24;29). To determine whether AQP2-R254L
and AQP2-R254Q would form heteroligomers with wt-AQP2, either mutant was
co-expressed with FLAG-tagged wt-AQP2 (F-AQP2) in oocytes and subjected to
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immunoprecipitation using anti FLAG antibodies. Previously, we have shown that
this N-terminal FLAG tag does not interfere with proper plasma membrane
expression of wt-AQP2 (20). As a negative control, AQP2-R187C was taken along,
which is an ER-retained AQP2 mutant in recessive NDI and does not
heteroligomerize with wt-AQP2 (20). Two days after cRNA injections, membranes
of oocytes expressing wt-AQP2 alone or combinations of F-AQP2 with wt-AQP2,
AQP2-R254L, AQP2-R254Q or AQP2-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 untagged wt-AQP2, AQP2-R254L/Q and AQP2-R187C, and the 32 kDa
high-mannose glycosylated band of AQP2-R187C, which migrates slightly slower
than F-AQP2 (Fig. 3, TM).

Figure 3. Heteroligomerizationof AQP2-R254Lor
AQP2-R254Q with wtAQP2. Of 30 oocytes,
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expressing AQP2 alone or
combinations of F-AQP2
with wt-AQP2, AQP2R254L, AQP2-R254Q or
JM
with AQP2-R187C, total
membranes (TM) were
isolated.
Equivalent
IP
fractions were solubilized
in desoxycholate and subjected to immunoprecipitation (IP) using FLAG antibodies. Subsequently,
total membranes and IPs were immunoblotted using affinity-purified anti-AQP2 antibodies. The
molecular masses of high-mannose glycosylated (32) and unglycosylated (29) AQP2, and F-AQP2
(31) are indicated in kDa on the right.

Immunoblot analysis of the oc-FLAG immunoprecipitates showed that wt-AQP2,
AQP2-R254L and AQP2-R254Q, but not AQP2-R187C, co-precipitated with FAQP2 (Fig. 3, 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. From these results
it could therefore be concluded that, upon co-expression, AQP2-R254L and AQP2R254Q form heteroligomers with wt-AQP2.
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Localization and translocation of AQP2-R254L and AQP2-R254Q in MDCK
cells
In oocytes, we have been able to establish that both mutants are functional water
channels, that they are impaired in their trafficking to the plasma membrane to a
similar extent as AQP2-S256A and that they are able to heteroligomerize with wtAQP2. However, oocytes are not polarized (as collecting duct cells), their
organelles arc not well defined and we were not able to study their level of
phosphorylation in these cells (not shown). Madin-Darby Canine kidney (MDCK)
cells are polarized and heterologously-expressed AQP2 in these cells mainly
localizes to intracellular vesicles and is redistributed to the apical membrane upon
forskolin treatment (10). Therefore, we these MDCK cells were used to extend our
studies on AQP2-R254L and AQP2-R254Q.

Figure 4. Localization of
wt-AQP2,
AQP2-R254L
and
AQP2-R254Q
in
MDCK cells. MDCK cell
lines
stably-cxprcssing
AQP2-R254L, AQP2-R254Q
or wt-AQP2 (indicated) were
grown to confluence on semi
permeable
niters
and
incubated overnight
with
indomcthaein to reduce basal
cAMP
levels
(nonstimulatcd)
Subsequently,
cells
were
treated for 45 minutes with
forskolin in the presence of
indomethacin
(stimulated)
After
fixation
and
permeabihzalion, the filters
were incubated with rabbit
anti-AQP2 antibodies and
followed by Alexa 488eoniugated
anti-rabbit

Νυη-stimiilatcd

Stimuldled

AQP2-R254L

AQP2-R254Q

Wt-AQP2

antibodies Using confocal
laser scanning microscopy,
X-Y and X-Z images were
obtained revealing that both AQP2-R254L and AQP2-R254Q arc retained intracellular, whereas wtAQP2 is sorted to the apical membrane after forskolin treatment
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To establish their subcellular localization, eukaryotic expression constructs
encoding AQP2-R254L and AQP2-R254Q were generated and transfected into
MDCK cells. Single clones were grown to confluency, incubated with or without
forskolin, and subjected to immunocytochemistry using a-AQP2 antibodies.
MDCK-AQP2 cells were taken along as controls. CLSM analysis revealed that
AQP2-R254L and also AQP2-R254Q localized to intracellular vesicles and that
this distribution was not changed upon incubation with forskolin (Fig. 4, upper and
middle panel). In contrast and as shown before (10), wt-AQP2 was translocated
from intracellular vesicles to the apical membrane (Fig. 4, lower panel).
To identify the subcellular organelles in which AQP2-R254Q and AQP2-R254L
were localized, representative cell lines of each were selected and tested for colocalization with various marker proteins for subcellular organelles. MDCK-AQP2
and MDCK-AQP2-S256A cell lines were taken along as controls. None of the
studied AQP2 proteins appeared to co-localize with marker proteins for the ER
(PDI),
cis-Golgi
(GOS28),
median-trans-Golgi
(Giantin) or
late
endosomes/lysosomes (Lamp2) (not shown). However, AQP2-R254L, AQP2R254Q, wt-AQP2 and AQP2-S256A appeared to partially co-localize with the
early endosomal marker protein EEA1 (Fig. 5, panels Α-D, arrows). Semiquantification of the signals revealed an overlap of 10, 9, 15 and 12% for AQP2R254L, AQP2-R254Q, wt-AQP2 and AQP2-S256A, respectively, which indicated
that they co-localized to a similar level with EEA1.
AQP2-R254L impairs trafficking ofwt-AQP2 to the apical membrane
Since AQP2-R254L was retained in intracellular vesicles in MDCK cells, we next
wanted to investigate whether a dominant-negative effect of AQP2-R254L could
be simulated in these cells. For this, expression constructs encoding FLAG-tagged
AQP2-R254L (F-AQP2-R254L) or AQP2-R254Q (F-AQP2-R254Q) were
transiently transfected to MDCK cells stably expressing GFP-tagged wt-AQP2 (GAQP2). The use of the FLAG-tagged R254 mutants in MDCK-G-AQP2 cells
allows immunocytochemical discrimination of AQP2-R254L/Q from wt-AQP2,
while transient transfection will result in cells expressing G-AQP2 alone as well as
together with F-AQP2-R254L/Q. Immunocytochemistry and CLSM analysis of
clones grown into monolayers revealed that in cells expressing G-AQP2 and
AQP2-R254L, both proteins co-localized in intracellular vesicles (Fig. 5E; arrows).
In contrast and as reported before (28), cells only expressing G-AQP2 showed a
dispersed expression pattern, which is typical for apical membrane expression (Fig.
5E; asterisks). Similar data were obtained for AQP2-R254Q (not shown). These
data revealed that AQP2-R254L and AQP2-R254Q exert a dominant-negative
effect on wt-AQP2 in that they interfere with its trafficking to the apical
membrane.
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Figure 5 Α-D. Co-localization of wt-AQP2, AQP2-R254L and AQP2-R254Q with EEAl. MDCK
cells stably expressing wt-AQP2, AQP2-R254L, AQP2-R254Q or AQP2-S256A were grown and
treated as non-stimulated cells as described in the legend of figure 4 Next, the filters were fixed,
permeabilized, incubated with rabbit anti-AQP2 antibodies together with monoclonal antibodies
recognizing the early endosomal marker protein EEAl, followed by anti-rabbit Alexa 488 conjugated
anti-rabbit and Alexa 594 conjugated anti-mouse antibodies (Fig. 5 Α-D, left panels), and (Fig 5 Α
Π, middle panels) As can be seen in the obtained CLSM images, the AQP2 proteins (left column)
and EEAl (middle column) partially co-localized (merge, right column, indicated by arrows)
Figure SE. AQP2-R254L impairs sorting of wt-AQP2 to the apical membrane. MDCK cells
stably expressing GFP-tagged wt-AQP2 (G-AQP2) were transiently transfected with an expression
construct encoding FLAG-tagged AQP2-R254L (F-AQP2-R254L), grown to confluence on filters,
and stimulated, fixed and permeabilized as described in the legend of figure 4 The filters were
incubated with a-FLAG mouse antibodies and with Alexa 594 conjugated anti-mouse antibodies As
can be seen in the CLSM images, upon co-expression, G-AQP2 and F-AQP2-R254L co-localize
(arrows) in intracellular vesicles, while G-AQP2 expressed alone is found in the apical membrane
(indicated by astenks') Similar data were obtained using F-AQP2-R254Q (data not shown)

Phosphorylation ofAQP2-R254L in MDCK cells
Since the R254L and R254Q mutations destroy the phosphorylation consensus
sequence of PKA and the concomitant mutants mimic a dominant-negative
phenotype in MDCK cells in that they retain wt-AQP2 (Fig. 6), we wanted to test
whether the retention of AQP2-R254L in MDCK cells is due to a lack of S256
phosphorylation. Therefore, MDCK cells expressing wt-AQP2, AQP2-R254L or
AQP2-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. 6A, lower panel) or loaded on a
gel and exposed to a film for 3 days (Fig. 6A, upper panel). To relatively quantify
the radioactive and immunoblot signals, two-fold dilution series of labeled cells
and wt-AQP2 protein samples were taken along, respectively (not shown).
Analysis of the autoradiogram revealed that wt-AQP2 as well as AQP2-R254L was
already phosphorylated in the absence of forskolin stimulation (Fig. 6A, upper
panel).
In contrast, AQP2-S256A was not phosphorylated, although the cells were
stimulated with forskolin and AQP2-S256A was expressed at high levels (Fig 6A.
lower panel).
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Figure 6. Phosphorylation
of
wt-AQP2,
AQP2R254L and AQP2-S256A
in MDCK cells. A) Cells
expressing
wt-AQP2,
AQP2-R254L or AQP2S256A were grown and
treated with indomethacin
(1), indomethacin /forskolin
(IF), as described in the
legend of Fig. 4 and
subjected
to
[32P]orthophosphate
labeling.
After cell lysis, the AQP2
proteins were immunoprecipitated, split in two
portions of which one was
separated on SDS-PAGE
and
autoradiographed

S256AIF

(upper panel), while the
second
portion
was
immunoblotted for AQP2 (lower panel). Unglycosylated (AQP2), complex-glycosylated AQP2 (cgAQP2) and the masses of marker proteins (in kDa) are indicated. Wt-AQP2 shows a clear increase in
phosphorylation with forskolin, while AQP2-R254L is phosphorylated to a low extent, but this is not
increased with forskolin. AQP2-S256A is not labeled with forskolin. B) Densitometrical scanning of
[32P] signals and normalization against the AQP2 protein expression levels. Bars represent the level of
phosphorylation per molecule AQP2 compared with wt-AQP2 treated with indomethacin (wt I),
which was set to 100%.

This indicated that the basal phosphorylation of AQP2-R254L (and wt-AQP2) was
at S256. Upon treatment with forskolin, phosphorylation of wt-AQP2 was
increased about 50%, whereas forskolin did not increase the level of
phosphorylation of AQP2-R254L.
Densitometrical scanning of the [12P] signals and normalization for the expression
levels after forskolin stimulation revealed that the level of phosphorylation of
AQP2-R254L was only about 20% of that of wt-AQP2, respectively (Fig. 6B).
These data indicated that, although AQP2-R254L was basally phosphorylated, its
level of phosphorylation per molecule was considerably lower than that of wtAQP2 and that this was not increased with forskolin, in contrast to wt-AQP2.
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Discussion
AQP2-R2S4L and AQP2-R254Q are typical mutants in dominant NDI
As shown in previous studies, 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 also cause the missorting of wt-AQP2 (16;20;24;29;30).
In contrast, AQP2 mutants in recessive NDI are misfolded, retained in the ER and
unable to interact with wt-AQP2 (12;19;28).
In this study, genomic analysis of NDI patients of two families revealed novel
mutations in the AQP2 gene of each patient, encoding AQP2-R254L or AQP2R254Q. Although it could not be deduced from the patterns of inheritance of NDI
in these families, the absence of a mutation in the V2R genes, the fact that all
mutations in AQP2 related to dominant NDI are found in the C-tail of AQP2 and
that the mutations found in the present families destroyed the PKA phosphorylation
consensus site, indicated that these mutations were likely to cause dominant NDI in
these families. Indeed, upon expression in oocytes and MDCK cells, AQP2-R254L
and AQP2-R254Q were both functional water channels of 29 and 40-45 kDa and
were retained inside the cell, but not in the ER, as revealed by the absence of 32
kDa high-mannose bands (Fig. 2). Also, both formed heteroligomers with wtAQP2 and impaired the further trafficking of wt-AQP2 to the plasma membrane
(Fig. 3 and 5E). Therefore, similar to other mutants in dominant NDI, AQP2R254L and AQP2-R254Q are likely to cause dominant NDI by inhibiting the
trafficking of enough wt-AQP2 to the apical membrane of the principal cells in the
NDI patients of these particular families.
The intracellular retention of AQP2-R254L and AQP2-R254Q is due to the lack
of (forskolin-induced) phosphorylation at S256
Although the cellular mechanism is similar to that found with other AQP2
mutations in dominant NDI, the molecular reason for AQP2-R254L and AQP2R254Q to confer dominant NDI appears quite different. Both R254 and R254Q
destroy the PKA phosphorylation consensus site and, because several studies
indicated that phosphorylation of S256 is essential for AQP2 translocation to the
plasma membrane, it was hypothesized that these mutations interfere with a proper
phosphorylation of AQP2 at this site.
Indeed, all our data indicate that a lack of phosphorylation of AQP2 at S256 is the
molecular cause of NDI in these two families. In oocytes, wt-AQP2 is always
maximally phosphorylated. Similar to polarized cells, however, phosphorylation of
AQP2 at S256 is also essential in these cells, because AQP2-S256A is retained in
vesicles, whereas AQP2-S256D, which mimics continuously phosphorylated
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AQP2, is completely localized in the plasma membrane (18). Consistent with an
impaired phosphorylation of S256 in AQP2-R254L and AQP2-R254Q, both
proteins were retained to a similar extent in oocytes as AQP2-S256A when
expressed at moderate levels (Fig. 2). Also, immunoblotting of membranes of
injected oocytes with antibodies recognizing S256-phosphorylated AQP2 ((7);
kindly provided by S. Nielsen, Denmark) did not reveal any signal for AQP2R254L or AQP2-R254Q, whereas wt-AQP2 was well detected (not shown). In this
case, however, we can not exclude inhibition of antibody binding due to structural
deformations. Moreover, the similar level of retention in oocytes for AQP2-R254L,
AQP2-R254Q and AQP2-R254A (not shown) indicates that the observed cellular
phenotype is rather due to the absence of R254 than to the introduced amino acid.
Additional evidence was obtained from transfected MDCK cells. First, the
subcellular localization of AQP2-R254L and AQP2-R254Q was quite similar to
that of unstimulated wt-AQP2, at which phosphorylation of wt-AQP2 at S256 is
greatly reduced (Fig. 5; (40), and to that of non-phosphorylatable AQP2-S256A. In
MDCK cells, all these proteins are located in intracellular vesicles of which a low
but similar percentage (about 10 %) also expresses the endosomal marker EEA1
(Fig. 5). The recent identification that EEA1 also co-localizes with AQP2 in vivo
underscores the genuineness of the MDCK cell model and indicates that AQP2S256A, AQP2-R254L and AQP2-R254Q partially locate in endo/exocytotic
vesicles. Besides, and in contrast to other mutants in dominant NDI (1;16;29), but
again similar as in vivo (38), AQP2-R254L, AQP2-R254Q, wt-AQP2 and AQP2S256A did not co-localize with marker proteins for the ER, cis-median Golgi
complex, TGN, late endosomes/lysosomes or basolateral membrane (not shown).
Secondly, forskolin treatment did not result in (a further) phosphorylation of
AQP2-R254L or AQP2-S256A, in contrast to wt-AQP2. Consistently, forskolin
treatment resulted in the redistribution of wt-AQP2 to the apical membrane,
whereas AQP2-R254L and AQP2-S256A were intracellularly retained.
The R254L and R254Q mutations: dominant NDI due to a loss of function
mutation
Until now, six AQP2 mutants in dominant NDI have been described, which are all
thought to be due to (introduced) 'gain of function' mutations. In oocytes, AQP2E258K 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 at position 258 instead of the loss of E258 caused the
dominant feature (30). Another mutant in dominant NDI, AQP2-insA, leads to an
+2 reading frame shift of the AQP2 C-tail and appeared to target wt-AQP2 to the
basolateral membrane, because of two introduced basolateral sorting signals in its
changed C-terminal tail (16). Although starting at another position, the other four
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mutations (721delG, 727delG, del763-772 and del812-818) 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 (29), whereas
the other three mutants have been reported to localize to the basolateral membrane.
Since the extended tail in AQP2-del812-818 starts only at the stopcodon of wtAQP2 and the extended tails contain a di-leucine motif, which is a known
basolateral membrane targeting motif (15), the dominancy of these mutants in NDI
is also thought to be due to a gain of function. In this respect, the R254L and
R254Q mutations appear to be the first 'loss of function' mutations in dominant
NDI, because our data strongly indicate that the inability of AVP/forskolin to
phosphorylate AQP2-R254L and AQP2-R254Q at S256 is the molecular cause of
dominant NDI in these families. As such, dominant NDI in these families is not
due to missorting, but to misregulation of the wt-AQP2/mutant complexes.
Phosphorylation ofAQP2-S256
From several in vivo and in vitro studies, it is well established that AQP2 is
phosphorylated at S256 and that this phosphorylation is essential for AQP2
translocation to the apical surface of the cell (7;13;21;34;40). Although essential,
phosphorylation at S256 is thought not to be sufficient for AQP2 translocation to
the apical membrane, because several cellular studies revealed that A Kinase
Anchoring Protein (AKAP)-mediated recruitment of PKA to intracellular AQP2
vesicles, actin cytoskeleton rearrangements through cAMP-mediated inhibition of
Rho, and the presence of cytosolic calcium are needed for the AVP-induced
translocation of AQP2 (6;22;23;26;39). Since S256 is part of a cAMP-dependent
PKA phosphorylation consensus sites ((R/K^-X-S/T) and AVP in collecting ducts
is known to initiate a cAMP signaling cascade, it is widely assumed that AQP2 is
phosphorylated by PKA. However, the necessity for cytosolic calcium and active
calmodulin in AVP-induced AQP2 translocation to the plasma membrane of
primary collecting duct cells (6) suggested that AQP2 might also be
phosphorylated by the calcium-sensitive calmodulin kinase II (CaMKII), which
consensus site ((R-X-X-X-S/T-X; (4)) also fits the S256 region. Besides, the S256
region is also conform the consensus for cGMP-dependent protein kinase G (PKG;
(R/K)2-3-X-S/T-X; (4)) and Bouley et al. recently reported that nitric oxide and
atrial natriuretic factor stimulate cGMP-dependent plasma membrane insertion of
AQP2 in kidney slices and cultured LLCPKi-AQP2 cells (5).
In our studies, AQP2-R254L (and possibly also AQP2-R254Q) was
phosphorylated to a basal level without stimulation, which was not increased with
forskolin. In contrast, wt-AQP2 was also phosphorylated to a basal level in
unstimulated cells, but this was significantly increased upon forskolin stimulation.
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The absence of phosphate labeling of AQP2-S256A, although its expression level
was higher than of wt-AQP2 and similar to that of AQP2-R254L, indicated that
AQP2-R254L was phosphorylated at S256. Since forskolin increases the levels of
cAMP, but not of calcium (not shown), in MDCK-AQP2 cells (10), and the R254L
mutation destroys the PKA consensus site, the forskolin-induced phosphorylation
of wt-AQP2 is likely mediated via PKA. CaMKII can be excluded as the mediator
for forskolin-induced phosphorylation of AQP2, because its consensus site is still
intact in AQP2-R254L. However, the basal level of AQP2-R254L phosphorylation
and the apparent difference with wt-AQP2 phosphorylation in response to forskolin
indicate that phosphorylation of AQP2-R254L is mediated by another kinase than
PKA. In AQP2-R254L, the CaMKII consensus site is still intact and calcium is
essential (F. Detmers, unpublished data). Therefore, although we cannot exclude
other kinases, this basal level of phosphorylation at S256 in AQP2-R254L (and
possibly wt-AQP2) might be mediated by CaMKII, but is unlikely to be mediated
by PKG or PKA.
Dehydration and dDA VP treatment partially restores the urine concentrating
ability of the patient encoding the AQP2-R254Q mutation
It is striking to note that, in contrast to other patients with dominant NDI caused by
AQP2 mutations (1;29;30), the NDI patient encoding AQP2-R254Q showed a clear
reduction in urine volume and increase in urine osmolarity upon long-term
dehydration or dDAVP treatment. The cell-biological data from this study provide
an explanation for this difference in response:
A first aspect is the subcellular localization to which the wt-AQP2/mutant
complexes missort. As argued above, AQP2-R254L and AQP2-R254Q seem 'loss
of function' mutants in that the mutations prevent phosphorylation of S256, which
is essential for AQP2 translocation from intracellular vesicles to the apical
membrane. Consequently, they are likely retained in vesicles that naturally harbour
non-phosphorylated AQP2 or AQP2-S256A, which is partly underscored by the
co-localization studies (Fig. 5). However, although their steady state subcellular
localization are intracellular vesicles, they are likely to continuously cycle between
these vesicles and the plasma membrane, as has been shown for wt-AQP2 and
AQP2-S256A in LLCPK1 cells (27;37). The partial co-localization of wt-AQP2,
AQP2-S256A and both mutants with EEA1, which is known to regulate endosome
docking and fusion with the plasma membrane (8), indicates that a similar
mechanism occurs for the R254L and R254Q mutants. In contrast to AQP2R254L/Q and due to their gain-of-function mutations, however, other mutants in
dominant NDI (and their complexed wt-AQP2 proteins) accumulate in cell
organelles that normally do not harbour wt-AQP2 (see above) and from which they
are expected to cycle to subcellular organelles different from the apical membrane.
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Indeed, AQP2-insA/wt-AQP2 complexes accumulate in intracellular vesicles and
are cycled to the basolateral membrane (16). Consequently, these latter complexes
can never contribute to water reabsorption through the apical membrane.
A second aspect is that, besides an increased level of phosphorylation, dehydration
results in increased renal AQP2 expression (32;44). Since wt-AQP2/AQP2-R254Q
complexes mainly reside in intracellular vesicles, but are likely continuously
shuttled to the plasma membrane, increased wt-AQP2 and AQP2-R254Q
expression levels also results in a higher amount of wt-AQP2/AQP2-R254Q
complexes in the apical membrane per time period, which can result in a partially
restored ability to concentrate urine. In the patient encoding the R254Q mutation,
an increased concentrating ability was indeed only observed upon fluid deprivation
for 5 hours or upon administration of high doses of dDAVP following rehydration,
but not in response to standard dDAVP administration following a period of ad
libitum fluid intake. The observed increase of urine osmolality subsequent to a
supra-physiological dose of dDAVP after a dehydration and rehydration period is
likely due to increased level of phosphorylated AQP2 at increased AQP2
expression level. This indicates that an increased expression, increased level of
phosphorylation (of wt-AQP2 and other proteins) and a distribution of wtAQP2/AQP2-R254Q complexes over the natural subcellular organelles are
essential for this phenotype. Unfortunately, the patient of family 1 was not willing
to test his response to long term dehydration or dDAVP treatment, but since the
molecular cause of dominant NDI in this patient is similar to that of the patient
encoding the R254Q mutation, it is expected that such a treatment will also
partially relieve his NDI.
In addition to these aspects, the apparent (low) level of phosphorylation observed
for AQP2-R254L, which might also be the case for AQP2-R254Q, might
contribute to some extent. Figure 6 reveals that the maximal attainable level of
AQP2-R254Q phosphorylation is 20% ofthat of wt-AQP2 (30:150). Recently, we
reported that for a steady state membrane localization of AQP2, three out of four
AQP2 monomers in a tetramer need to be phosphorylated (18). If this also holds
for renal cells, if wt-AQP2 and AQP2-R254Q randomly assemble into tetramers
and if it is assumed that forskolin phosphorylates all wt-AQP2 subunits, then
39.5% of the wt-AQP2/AQP2-R254Q complexes compared to 100% of wtAQP2/wt-AQP2 complexes in a healthy individual are expected to be present in the
plasma membrane upon stimulation with dDAVP. If the AQP2 mutant would not
be basally phosphorylated, as is seen for AQP2-S256A, 31% of the complexes
would be expected in the plasma membrane.
In conclusion, we have identified two families in which their dominant inheritance
of NDI is not due to missorting of the mutant AQP2 protein, but due to the a lack
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of AVP-induced phosphorylation of S256 in both mutant proteins. These data
reveal the first in vivo evidence that AQP2 phosphorylation at S256 is important
for its translocation to the apical membrane and reveal the first AQP2 mutants, in
which dominant NDI is caused by a loss of function instead of a gain of function
mutation. Consequently, these mutant AQP2 proteins, which form heteroligomers
with wt-AQP2, likely retain wt-AQP2 in intracellular vesicles, that would also
harbor wt-AQP2. As wt-AQP2, but to a lesser extent, these wt-AQP2/AQP2
complexes are also expected to cycle to the apical membrane, which provides an
explanation for the slight but significant increase in urine concentrating ability in
the NDI patient upon long-term dehydration of dDAVP treatment. These results
underscore the importance of the identification of the molecular cause of a disease
in order to provide a rationally-based treatment to the patient.
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A novel cellular phenotype in recessive NDI
Abstract
Nephrogenic diabetes insipidus (NDI), a disease in which the kidney is unable to
concentrate urine in response to vasopressin is caused by mutations either in the
Vasopressin V2-receptor (V2R) or in the Aquaporin-2 gene (AQP2), which
encodes a renal water channel. AQP2 missense mutations encoding dominant NDI
are located in the carboxy terminal tail whereas mutations leading to recessive NDI
are all found in between the first and sixth transmembrane domain. Analysis of two
new families with a recessive form of NDI revealed in which both patients were
compound heterozygotes, encoding AQP2-P262L/AQP2-A190T and AQP2P262L/AQP2-R187C, respectively. In contrast to AQP2-A190T and AQP2-R187C,
which are present in the E-loop, AQP2-P262L is located in the carboxy terminal
tail of the AQP2 protein. Upon expression in oocytes, AQP2-A190T and AQP2R187C are retained within the cell and showed no significant water permeability
whereas AQP2-P262L is localized at the plasma membrane and gave water
permeabilities similar to wild-type AQP2 (wt-AQP2). However, when expressed in
renal epithelial cells, AQP2-P262L localized to the basolateral membrane upon
forskolin administration. Co-expression in these cells revealed that heteroligomers
of wt-AQP2 and AQP2-P262L are directed to the apical plasma membrane and no
dominant negative effect was observed. These data show for the first time an AQP2
mutation that is located in the carboxy terminal tail leading to recessive, instead of
dominant NDI.
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Introduction
For several decades, transcellular water transport was thought to depend entirely on
the permeation of the lipid bilayer of cell membranes. However, since the
discovery of the aquaporin water channels (AQPs), the water transport route
through these channels has become well established in a wide variety of tissues,
especially in the kidney (19). In the renal proximal tubule epithelium and
descending limbs of Henle, AQP1 is expressed in both apical and basolateral
membranes enabling an optimal water reabsorption due to a parallel sodium uptake
across the cells. By this mechanism, about 90 % of the water content from the
immense amount of pro-urine formed each day (180 liters) is reabsorbed
constitutively. Water transport in collecting ducts across the principal cells,
however, is tightly regulated by arginine vasopressin (AVP) (4;20), which binds to
its G-protein coupled V2 receptor (V2R) in the basolateral membrane. This binding
triggers a cyclic AMP (cAMP) signaling cascade which leads to protein kinase A
(PKA) activation and phosphorylation of aquaporin-2 (AQP2) (21). Consequently,
AQP2 is redistributed from intracellular vesicles to the apical membrane, initiating
a transcellular influx of water that can exit the cells to the interstitium via AQP3
and AQP4, both present at the basolateral membrane. Conversely, withdrawal of
AVP reverses this process, thereby terminating water reabsorption. This
mechanism, which is known as the shuttle hypothesis (28), is impaired in
nephrogenic diabetes insipidus (NDI), an acquired or inherited disease in which the
kidney is unresponsive to AVP, resulting in a severe loss of water. The causes for
the inherited forms of NDI reside in mutations in the gene encoding V2R, which
comprises the X-linked form (23;25), or AQP2, which results in the autosomal
recessive and dominant forms (7;16;27). As found in several other recessive traits,
AQP2 mutations in recessive NDI lead to AQP2 mutants that can be functional or
not, but which are all retained in the endoplasmic reticulum (ER), presumably due
to misfolding and consequent retention by the ER quality control (3; 14; 17). The
core region of these proteins, which is formed by the region in between the first
and the last (sixth) transmembrane domain (TMD), forms the water pore of AQPs
(8;18;26), and therefore, it is not surprising that all mutations in AQP2 in recessive
NDI are found within this region. In addition, they do not interact with wt-AQP2,
which is consistent with the recessive form of inheritance of NDI.
Mutations in dominant NDI, however, lead to AQP2 mutants that are functional
water channels, but are missorted to other subcellular organelles than wild-type
(wt) AQP2 (11;15;16) (9). Since AQP2 is expressed as a homotetramer (10) and
these AQP2 mutants are properly folded, they form heterotetramers with wt-AQP2
and missort the wt-AQP2/AQP2 mutant complex (10).
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The resulting lack of sufficient levels of wt-AQP2 at the apical membrane of
collecting duct cells provides an explanation for dominant NDI. Consistent with the
view above, all AQP2 mutations found in dominant NDI are located in the Cterminal tail (Fig. 1) and underscore the importance of this part of the protein in the
routing of AQP2. In this study we present two families in which NDI was inherited
in an autosomal recessive trait. Surprisingly, however, genomic analysis revealed
that the patients were compound heterozygotes of AQP2 gene mutations of which
one was located in the A0P2 core region, whereas the other was contained in the
AQP2 C-tail coding region. To unravel the cell biological mechanism underlying
the recessive nature of NDI in these families, we performed extensive functional
and cell biological analysis of the encoded AQP2 mutants in Xenopus oocytes and
polarized epithelial cells.

Figure 1. The localization of AQP2 mutations identified in the affected families.
The topology of the AQP2 protein is predicted to consist of six transmembrane domains connected by
loops A through E with the Ν and C-termini located intracellularly. The NPA boxes containing Β and
E loops meet eachother in the membrane and form the water pore. The Ε-loop mutations, R187C and
A190T, and the C-tail mutation, P262L, give rise to recessive NDI in the studied families. All other
indicated mutations in the C-tail of AQP2 give rise to dominant NDI.
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Material and Methods
Analysis of patients.
Clinical analysis of blood and unne osmolanties and levels of sodium, potassium, urea,
creatinine, glucose and AVP was done by standard procedures Infusion of l-deamino-8-Darginine vasopressin (dDAVP) was performed as described (0 3μg/kg of body weight
infused in 30 mm (2)
Genetic analysis of the NDI family.
The V2R genes of the patients and their relatives were sequenced as described (1,22) The
AQP2 gene of the patients and their relatives was sequenced using genomic DNA as
described (13) The mutations described in this paper were obtained after amplifying exon 1
with primer F(orward)l (5'-GCGAGAGCGAGTGCCCG-3'), R(everse)l (5'-CCCAGGACCTGCCCCTTGT-3'), and exons 2 to 4 with primers F2 (5'-CAGGAAGATGGAGCCAGAGAG-3'), Aql3 (5'-TGCTCACAGCACTGGCC TG-3') The following
sequencing primers were used for exon 1 Aq7 (5'-AGCATCCTGGCCCTGAGACA-3')
and Rl, for exon 2 R2 (5'-GTCCCT CTTGGGGTCTCTGTG-3'), for exon 3 R3 (5'CCCCATCCCATGCTATTCCAG-3'), for exon 4 Aq9R (5'-TCAGGCCTTGGTACCCCGT-3') and Aqll (5'-CTACAACTACGTGCTGTTTCCGC-3') Genotyping of 3 loci
(AFM259vß, D12SI31, AFMb007yg5) that flank the AQP2 gene in chromosome region
12ql3 was done to follow the segregation of the NDI allele in each family (12)
AFM259vf9, D12S131, and AFMb007yg5 are dinucleotide repeats A haplotype, which is
the specific combination of alleles at closely linked loci, was assigned for these three loci
For our interpretation of the haplotype data, we assumed no recombination within an
approximately 1 5-megabase region spanned by AFM259vß> and AFMb007yg5 Haplotype
data provided support that the pedigree was consistent with stated biologic parentage
Constructs.
The oocyte expression constructs pT7Ts-AQP2 and pT7Ts-AQP2-R187C, F-AQP2 and
AQP2-R187C-F (here used as F-AQP2 and F-AQP2-R187C, because the tag was Nterminally fused) were as described (3,7,10,14) To facilitate cloning of mutant AQP2
cDNAs into the eukaryotic expression vector pCB6, the BamHl site of pCB6 was removed
by cutting the vector with BamHl, blunting and rehgation to yield pCB6ABHI To generate
pCB6-ABHI-AQP2, a BglU/Spel fragment of pT7Ts-AQP2 was isolated and cloned into the
BgM/Xbal sites of pCB6ABHI AQP2-P262L cDNA was obtained using the Altered Sites
II in vitro mutagenesis kit (Promega, Madison, WI) using a sense primer 5'GCTGCACTCGCTGCAGAGCCTGC-3 ' (mutation (bold) and introduced Pstl site
(underlined) indicated) and its antisense counterpart on a pT7Ts-AQP2 template After
digestion with BamHl and Kpnl, a 282 bp fragment was isolated and inserted m to the
corresponding sites of pT7TsAQP2 to generate pT7Ts-AQP2-P262L pT7Ts-AQP2-A190T
and pT7Ts-AQP2-P262A were constructed by three-point PCRs For this, sense primers for
AQP2-A190T (5'-GCCCGCTCCCTGACTCCGGCTG TCGTCACTGG-3') and AQP2P262A (S'-GCTGCACTCGGCCCAGAGCCTGC-S') or the corresponding antisense
pnmers were combined with a pT7Ts-AQP2 reverse primer (5'-GCGGCCCTCAGGCCTTGGTA-3') and forward pnmer (5'- GCGAGAGCGAGTGCCCG-3'), respectively, in a
standard PCR on a pT7Ts-AQP2 template The resulting fragments were isolated,
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combined with each other and the flanking pnmers to generate the full-length mutated
AQP2 fragments Again, the BamUi-Kpnl fragments were isolated and ligated into the
corresponding sites of pT7Ts-AQP2 or pCB6-ABHI-AQP2 to generate pT7Ts-AQP2A190T and pT7Ts-AQP2-P262A or pCB6-AQP2-P262A, respectively To generate pCB7AQP2 with a FLAG-tag (F, DYKDDDDK) at the N-terminus, pBS-F-AQP2 (10) was cut
with Noti, blunted and digested with Hmdlll to cut out FLAG-tagged AQP2 (FLAGAQP2) From pCB7, which is similar to pCB6, but contains a hygromycin instead of
neomycin resistance cassette, the BamHl site was removed by cutting, blunting and
religation, generating pCB7ABHI Then, the F-AQP2 fragment was ligated into the HindUl
and blunted Kpnl site of pCB7ABHI to yield pCB7ABHI-F-AQP2 To generate pCB7FLAG-AQP2-P262L (F-P262L), a 282 bp BamHl-Kpnl fragment was isolated from pT7TsP262L and ligated into the corresponding sites of pCB7-FLAG-wt-AQP2ABHI
Introduction of only the desired mutations was confirmed by DNA sequence analysis
Analyses in oocytes.
Isolation and de-folliculation of Xenopus laevis oocytes, and isolation of total membranes
or plasma membranes were performed as described (10) For transcription, the pT7Ts
constructs were linearized with Sal\ Synthesis and purification of G-capped cRNAs and the
subsequent analysis of their integrity and concentration were performed as described
previously (10) Oocytes were (co-) injected with cRNAs and analyzed in a standard
swelling assay 2 days after injection (7)
Immunoprecipitation.
15 μΐ of protein-G agarose beads per sample of solubihzed total membranes of 25 oocytes
was washed three times with 500 μΐ IPP500 (500 mM NaCl, 10 mM Tris (pH = 8 0), 0 1%
NP-40, 0 1% Tween-20) plus protease inhibitors (1 mM PMSF, 5 μg/ml leupeptin and
pepstatin A) Subsequently, 3 μΐ of the FLAG-antibody (Sigma-Aldnch, The Netherlands)
was added per sample and incubated overnight at 4 0 C The solubihzed total membranes
were diluted with 600 μΐ of 10% sucrose and 100 mM NaCl, followed by incubation with
antibody coupled agarose beads overnight at 4 0 C Next, the beads were washed three times
with IPP100 (100 mM NaCl, 10 mM Tris (pH = 8 0), 0 1% NP-40, 0 1% Tween 20) plus
protease inhibitors, sucked dry with a 30-g needle and resuspended in 50 μΐ Laemmh
Immunoblotting.
Protein denaturation, SDS-PAGE and blotting were performed as described (10) Then,
blots were incubated with 1 3000 diluted affmity-punfied AQP2 257-271 rabbit antibodies,
raised against the 15 C-termmal amino acids of rat AQP2 (3), in TBST-buffer (20 mM Tris,
140 mM NaCl, 0 1% Tween, pH=7 6), supplemented with 1% non-fat dried milk As
secondary antibodies, a 1 5000 dilution of goat anti-rabbit IgGs (Sigma, St Louis, MO)
coupled to horseradish peroxidase was used Finally, AQP2 proteins were visualized using
enhanced chemiluminescence (Pierce, Rockford, IL)
Cell culturing and transfection ofMDCK cells.
MDCK cells stably expressing wt-AQP2 or GFP-tagged AQP2 (G-AQP2) have been
described (5,14) MDCK cells were cultured in Dulbecco's modified Eagle's medium
(DMEM) supplemented with 5% (vol/vol) fetal calf serum at ITC in 5% COj Cells were
stably transfected using the calcium-phosphate precipitation technique and clones were
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selected with G418 or hygromicin as described (6). Transient transfection was done with
Lipofectamine 2000 reagent (Invitrogen, Breda, the Netherlands) according to
manufacturers protocol.
Immunocytochemistry.
Two days after injection of cRNAs, vitelline membranes were removed from oocytes, after
which they were fixed, paraffin embedded, sectioned and used for immunocytochemistry as
described (10). For immunocytochemistry of polarized MDCK cells, cells were seeded at
1.5 χ 105 cells/cm2 on 1.13 cm2 polycarbonate filters (Coming Costar Europe,
Badhoevedorp, The Netherlands), grown for 2 days and subsequently treated o/n with 5 χ
IO"5 M indomethacin to reduce basal intracellular cAMP levels. Then, cells were incubated
for 45 min with DMEM/indomethacin with or without 5 χ IO"5 M forskolin, which activates
adenylate cyclase. As primary antibodies, rat antibodies against the basolateral marker
protein Ε-Cadherin (DECMA, Sigma-Aldrich, The Netherlands) combined with rabbit antiAQP2 antibodies or either monoclonal antibodies against FLAG (m2, Sigma-Aldrich, The
Netherlands) or rabbit anti-AQP2 antibodies were used. These were all used in a 1:100
dilution. As secondary antibodies, 1:100 diluted anti-rat, anti-rabbit or anti-mouse
antibodies, conjugated to Alexa-488, Alexa-594 or Cy5 were used (Molecular Probes,
Pitchford, Eugene, OR), respectively. For detection, filters were incubated in PBS
containing 50 mM NH4CI for 10 min after fixation for 20 min with 3% paraformaldehyde,
washed 3 times with PBS and blocked with PBS containing 0.1 % BSA for 20 min. Then,
filters were washed 3 times with PBS after which they were incubated in PBS containing
0.05 % saponin and the l:100-diluted primary antibodies for 30 min. Next, filters were
washed 3 times with PBS, incubated with secondary antibody, l:100-diluted in PBS, for 30
mm and washed with PBS. After the last wash, filters were mounted and analyzed as
described (6). The subcellular localization of the different proteins was analyzed using a
Bio-Rad confocal laser scanning microscope (CLSM) with a 60x oil-immersion objective, a
32 Kalmann collection filter, an aperture diaphragm of 2.8 and an axial resolution of 0.4
μπι per pixel.
Side-specific biotinylation.
MDCK cells were seeded at 1.5 χ 105 cells/cm2 on 9.6-cm2 polycarbonate filters (Coming
Costar Europe, Badhoevedorp, The Netherlands), grown and treated as described above.
Next, the cells were washed twice with ice-cold PBS-CM (PBS with 0.1 mM CaCh, ImM
MgCy and incubated twice for 20 min at 4°C with 500 μΐ of 1.5 mg/ml Sulfo-NHS-SSBiotin (Pierce, Rockford, IL) in biotinylation buffer (10 mM triethanolamine, 2 mM CaCl2,
and 125 mM NaCl, pH 8.9) applied to the apical surface of the cells. Subsequently, the
filters were incubated for 5 min with quenching solution (50mM NH4CI in PBS-CM) at 4°C
and rinsed twice with cold PBS-CM. After the filters were cut from their plastic support, 1
ml of lysisbuffer (150mM NaCl, 20mM Tris pH 8.0, 5 mM EDTA, 1% Triton X-100, 0.2%
BSA, ImM phenylmethylsulfonyl fluoride, 5 μg/ml leupeptin and 5 μg/ml pepstatin ) was
added and incubated for 30 min at 370C. Subsequently, the cells were scraped, and
transferred to Eppendorf tubes. After centrifugation for 5 min, the supernatant was added to
streptavidin beads (30 μΐ/sample), which had been pre-washed twice with high salt buffer
(500 mM NaCl, 5 mM EDTA, 50 mM Tris (pH 7.5), 0.1% triton X-100) and twice with
0
lysisbuffer. After incubation for 16 h at 4 C, the beads were centrifuged for 5 min and
washed twice with high salt buffer, twice with lysisbuffer and once with 10 mM Tris-HCl
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(pH 7.5). Finally, the beads were sucked dry with a 30-g needle, resuspended in 30 μΐ of lx
Laemlli buffer and denatured for 30 mm at 370C.
Demitometrical analysis.
To relate the plasma membrane expression of AQP2-P262L and wt-AQP2 with their total
expression and their Pfs with the amount of protein expressed on the plasma membrane,
signals were semi-quantified by measuring the integrated optical densities (IOD) of the film
using the Image-Pro Plus analysis software (Media Cybernetics, Silver Springs, CO) and
compared with the signals of a two-fold dilution series of wt-AQP2, which was blotted in
parallel. Background IOD values were determined at unexposed areas of the film and
subtracted from obtained IOD values for the different proteins.

Results
Phenotyping of the patients
Partial pedigrees of the 2 families are shown in Fig.2. The proband of family A
(left) was an 11 -year-old boy with a 24-h urinary output of about 6 liter (217 ml/kg
bodyweight/24-h normal for that age < 50 ml/kg) and a low osmolarity (64 mOsm).
Because of persistent thirst, his 24-hour fluid intake was also very high (7,750 ml)
but his basal plasma osmolarity and sodium were well within the normal range as
were his plasma potassium, urea, creatinine and glucose. Because of the markedly
elevated plasma AVP levels, the patient was diagnosed as having severe NDI. At
the age of 2, a 6.5 hour fluid deprivation test resulted in the loss of 1.4 kg body
weight, a rise in plasma sodium to 147 mmol/L, a plasma AVP of 42 pg/ml and
essentially no change in urine osmolarity, which remained at about 110
mosmols/L. A family history obtained from the patient's mother revealed no
symptoms or signs of polyuria or polydipsia in his father, mother, sister or any of
34 other relatives spanning 4 generations on both sides of his family. The
antidiuretic response in the proband, his sister and mother was investigated. Blood
for genetic analysis was obtained from the patient, his sister, mother, father and a
maternal uncle and subjected to genetic analysis. The proband of family Β (right)
was a 6-year-old girl also referred for a documented life-long history of polyuria
and polydipsia a 24-hour urine output of 5.0 liter (336 ml/kg of body weight). Her
basal urine osmolality was less than 150 mOsm/kg and did not increase after
dDAVP. She is the only polyuric member of a 3-generation family.
Genotyping of the patients
Since mutations in the sex-linked V2R gene are the most common cause of
congenital NDI and could, based on the pedigree, not be excluded, its sequence
was determined. However, no mutation in the V2R coding sequence was found in
both families. Subsequent haplotype analysis and sequence analysis of the AQP2
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gene revealed that the affected male in family A (Fig. 2) is a compound
heterozygote for a nucleotide substitution 7 8 5 0 T in one allele combined with a
568G>A substitution in the other allele, encoding a P262L and A190T mutation,
respectively. The affected female in family Β (Fig. 2) was also a compound
heterozygote for a nucleotide substitution 7 8 5 0 T in one allele combined with a
5 5 9 0 T substitution in the other allele, encoding a P262L and R187C mutation,
respectively. These mutations were not observed in AQP2 alleles of healthy
individuals.
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Figure 2. Inheritance of NDI in the studied families.
For the two families studied, carriers (half-closed symbols), healthy (open symbols) and affected
individuals (closed symbols), and male (squares) and females (circles) are indicated. The 12ql3
haplotype is represented using the marker order:
centromere-AFM259vf9-^2/>2-D12S131AFMb007yg5-telomere (12), indicating the lengths of simple sequence tags (numbers, letters), and
the AQP2 mutation or normal (n) allele.

Functional analysis ofAQP2-P262L in oocytes
The AQP2-R187C mutation, present in the proband of family Β (Fig. 2) has been
found encoded by other NDI patients and has been extensively studied (3; 10). This
mutant is a non-functional water channel that is retained in the endoplasmic
reticulum. To investigate whether the A190T and P262L mutations were
fundamental to NDI in the patients, these mutations were introduced into the AQP2
cDNA sequence, cloned into an oocyte expression vector and transcribed.
Subsequently, oocytes were injected with a concentration series of cRNA encoding
wt-AQP2 (0.3, 1.0, 3.0 ng) or AQP2-P262L (0.1, 0.3, 1.0 ng) along with an
injection for AQP2-A190T (1.0, 3.0 ng). The water permeability (Pf) of oocytes
expressing AQP2-A190T was not different from controls (Fig. 3 A).
Immunoblotting of total membranes revealed 27, 29 and 32 kDa bands for AQP281
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A190T, which represent an AQP2 degradation product, unglycosylated A0P2 and
high-mannose glycosylated AQP2, respectively (Fig. 3B, TM). Similar bands have
been reported for other AQP2 mutants in recessive NDI (14). Although the total
expression from 3 ng AQP2-A190T was more than of 0.3 or 1 ng wt-A0P2 (Fig.
3B, TM), the expression of AQP2-A190T in the plasma membrane fraction was
strongly reduced compared to that f wt-AQP2 (Fig. 3B, PM). This indicated that
AQP2-A190T is severely impaired in its routing to the plasma membrane.
Altogether, these results on AQP2-A190T revealed that it is a typical representative
of an A0P2 mutant in recessive NDI.
This was different, however, for AQP2-P262L. The Pf of oocytes expressing
AQP2-P262L was higher than that of controls, which indicated that AQP2-P262L
is a functional water channel (Fig. 3A). Total (TM) and plasma membranes (PM)
were isolated from these oocytes and immunoblotted (Fig. 3B) in parallel to a
dilution series of wt-AQP2 to relatively quantify the obtained signals. Interestingly,
AQP2-P262L was expressed as 31 kDa protein, besides the normal 29
(unglycosylated) kDa form. AQP2-P262L of 31 kDa could be well discriminated
from the 32 kDa high mannose glycosylated AQP2 form, as observed for the ERretained AQP2 mutant AQP2-A190T (Fig. 3B).
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Figure 3. Functional analysis
and expression of AQP2-P262L
and AQP2-A190T in oocytes.
(A)
Water permeability
in
oocytes.
Three
days
after
injection of the indicated amounts
of wt-AQP2, AQP2-P262L or
AQP2-AQP2-A190T,
oocytes
were subjected to a standard
swelling assay. Non-injected
oocytes were taken as a control
(C). Mean water permeabilities
(Pi) and SEM of 12 oocytes are
shown.

B) Expression in oocytes. From
12 oocytes injected as described
PM
Β
above, total membranes (TM) or
plasma membranes (PM) were
isolated. Subsequently, equivalents of one (TM) or four (PM) oocytes were immunoblotted for AQP2.
The masses in kDa of unglycosylated AQP2 (29), high-mannose glycosylated AQP2 (32) and a
degradation product of AQP2 (27) arc indicated.

Determination of the plasma membrane expression for samples with similar total
membrane expression levels indicates whether a protein is retained intracellularly
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or not. Plotting of the relative amounts in the PM for those of similar TM levels
revealed that AQP2-P262L was more enriched in the plasma membrane fraction
than wt-AQP2. Interestingly, in the PM fraction, the 31 kDa band of AQP2-P262L
was enriched against the 29 kDa band when compared to the total membrane
fraction, which indicated that this 31 kDa AQP2-P262L band was located close to
or in the plasma membrane. Densitometrie analysis of the obtained Pfs for similar
plasma membrane expression levels, however, indicated that the water
permeability of AQP2-P262L was about 65% ofthat of wt-AQP2. Together, these
results revealed that, if AQP2-P262L is an AQP2 mutant in recessive NDI, it is
different from other mutants in recessive NDI.
To determine the steady state localization of AQP2-A190T and AQP2-P262L
differently, oocytes of the same batch were subjected to immunocytochemistry.
Confocal laser scanning microscopy (CLSM) revealed a dispersed staining for
AQP2-AQP2-A190T (Fig. 4A), which is similar to the pattern obtained for other
classical AQP2 mutants in recessive NDI (14). AQP2-P262L, however, was
expressed in the plasma membrane (Fig. 4B), and this localization was
indistinguishable from that of wt-AQP2 (Fig 4C). Non-injected oocytes did not
show any staining (Fig. 4D). These data again indicated that AQP2-A190T is a
typical ER-retained AQP2 mutant in NDI, in contrast to AQP2-P262L. Therefore,
only AQP2-R187C was taken along in further experiments, also as a representative
ofAQP2-A190T.
Figure 4. Immunocytochemistry of
AQP2-P262L expressing oocytes.
Non-injected oocytes (D), or those injected
with 1 ng cRNA coding for wt-AQP2 (C),
AOP2-P262L (B), or with 10 ng cRNA
encoding AQP2-A190T (A) were fixed at
three days following injection in para
formaldehyde and embedded in paraffin.
Sections were incubated with rabbit a-AQP2
antibodies followed by Alexa594 or
Alexa488-conjugated
α-rabbit antibodies.
AQP2 proteins were visualized using
CLSM. The plasma membranes are marked
with arrows.

AQP2-P262L forms heteroligomers with wt-AQP2
As reported, AQP2 mutants in recessive NDI are unable to oligomerize and to form
heteroligomers with wt-AQP2 in contrast to mutants in dominant NDI (10). To
assess whether AQP2-P262L would be able to heteroligomerize with wt-AQP2,
AQP2-P262L was co-expressed with FLAG-tagged wt-AQP2 (F-AQP2) in
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oocytes. The FLAG-tag allowed wt-AQP2-AQP2-R187C specific immunoprecipitation and discrimination of both proteins from AQP2-P262L on immunoblots. As reported, N-terminal tags do not interfere with AQP2 oligomerization and
PM expression of wt-AQP2 in oocytes (10). Two days after cRNA injections,
membranes of oocytes were isolated, solubilized and directly immunoblotted for
AQP2 or first subjected to immunoprecipitation using anti-FLAG antibodies.
Immunoblotting of the total membrane fractions for AQP2 revealed 29 kDa
untagged wt-AQP2 and AQP2-P262L, tagged unglycosylated AQP2 or AQP2R187C of 31 kDa and high-mannose glycosylated FLAG-tagged AQP2-R187C of
about 33 kDa (Fig. 5, TM).
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Figure 5. Heteroligomerization of AQP2-P262L
and wt-AQP2.
From 30 oocytes, expressing F-AQP2 and wt-AQP2,
F-AQP2 and AQP2-P262L, or AQP2-P262L and FAQP2-R187C, total membranes (TM) were isolated,
solubilized in desoxycholate and split into two
fractions. One was set aside (TM), while the other
.
.
. . . .
. . ,
, ,
fraction was subjected to immunoprecipitation (IP)
antibodies. Subsequently, total
using
FLAG
membranes
and immuno-precipitations
were
immunoblotted using affinity-purified anti-AQP2
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antibodies. Due to the FLAG tag, the molecular mass
F-AQP2,
F-R187C
and high-mannose
0f
glycosylated R187C-F (h-R187C-F) is higher than
that of untagged AQP2 proteins.

Immunobloting of the FLAG-tag immunoprecipitates showed that AQP2-P262L
and wt-AQP2 co-precipitated with F-AQP2, but that AQP2-P262L did not coprecipitate with F-AQP2-R187C (Fig. 5, IP). This indicated that, upon coexpression, AQP2-P262L forms heteroligomers wit wt-AQP2, but not with AQP2R187C. Altogether, these oocyte data revealed that AQP2-P262L is a functional
water channel, which is not impaired in its exit from the ER and is able to
heteroligomerize with wt-AQP2. As such, these data indicated that AQP2-P262L is
different from other mutants in recessive NDI an that the NDI phenotype does not
become apparent in oocytes or that AQP2-P262L is not causal to NDI in the
studied families.
Analysis of AQP2-P262L in polarized cells
Since oocytes lack, in contrast to renal collecting duct cells, a partitioning into an
apical and basolateral membrane, a mammalian AQP2-P262L expression construct
was made and transfected into MDCK cells to investigate its sorting in polarized
epithelial cells.
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Figure 6. Localization AQP2P262L and
AQP2-P262A in
MDCK cells.
MDCK cells stably
expressing
AQP2-P262L, AQP2-P262A or wtAQP2 were grown to confluence on
semi-permeable
filters,
and
incubated
overnight
with
indomethacin (un-stimulated) to
reduce basal cAMP levels. Some
filters were subsequently treated for
45 minutes with forskolin in the
presence
of
indomethacin
(forskolin). All cells were fixed,
permeabilized, and incubated with
antibodies. AQP2-P262L expressing
cells were incubated with rabbit
anti-AQP2 antibodies and rat anti-ECadherin antibodies, followed by
Alexa488 conjugated anti-rabbit
together with Cy5 conjugated antirat antibodies. Wt-AQP2 and AQP2P262A
expressing
cells
were
incubated with rabbit anti-AQP2
antibodies followed by Alexa488- or

Alexa594-conjugated
anti-rabbit
antibodies, respectively. Using CLSM, X-Y and X-Z images were obtained in which the AQP2P262L protein and Ε-Cadherin are shown in the left and middle panels, respectively. (A). Wt-AQP2
and AQP2-P262A are shown in left and right pannels, respectively (B). As can be seen in the merged
images, AQP2-P262L is mainly intracellularly retained with some basolateral staining upon forskolin
treatment. Wt-AQP2 and AQP2-P262A are translocated from intracellular vesicles to the apical
membrane with forskolin.

Heterologously-expressed in MDCK cells (wt-lO cells), wt-AQP2 is redistributed
from vesicles to the apical membrane upon stimulation with AVP or forskolin (5).
Several clones expressing AQP2-P262L were grown to confluence, incubated with
indomethacin, treated with or without forskolin and subjected to
immunocytochemistry. CLSM analysis revealed that in unstimulated cells, AQP2P262L mainly resided in intracellular vesicles (Fig 6A, upper panel). Upon
forskolin treatment, AQP2-P262L still localized predominantly to intracellular
vesicles, while a small fraction co-localized with Ε-Cadherin in the basolateral
membrane (Fig. 6A, lower panel). As anticipated, wt-AQP2, which was taken
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along as a control, was translocated from intracellular vesicles to the apical
membrane (Fig. 6B, left column).
To test whether the introduction of a leucine or the deletion of a proline causes the
basolateral sorting and retention of AQP2-P262L, the proline at position 262 was
changed for an alanine (P262A) and was stably expressed in MDCK cells. CLSM
analysis of single clones revealed that without stimulation AQP2-P262A is located
in intracellular vesicles, while forskolin induced its translocation to the apical
plasma membrane (Fig 6B, right column). Since this was similar to that found for
wt-AQP2 (Fig. 6B, left column), these data indicated that the basolateral sorting of
AQP2-P262L is caused by the introduction of a leucine at position 262 and not the
deletion of the P262.
Apical targeting signals of wt-AQP2 overrule basolateral AQP2-P262L signals
after heterotetramerization
Since AQP2-P262L is sorted towards the basolateral membrane in MDCK cells,
we next wanted to determine whether the apical targeting signals in wt-AQP2 are
able to overrule the basolateral sorting signals in AQP2-P262L after
oligomerization of wt-AQP2 with AQP2-P262L. To investigate this, we used
MDCK cells stably expressing GFP-tagged wt-AQP2 (G-AQP2), which is
expressed in the apical membrane, independent of forskolin administration (14). To
obtain cells expressing G-AQP2 with and without AQP2-P262L, we transiently
transfected G-AQP2 cells with an expression construct encoding FLAG-tagged
AQP2-P262L (F-AQP2-P262L). Single colonies were kept on selection drugs until
stable cell lines were generated. Immunoblotting of selected clones confirmed the
presence of an unknown band of about 30 kDa, in addition to 29 kDa
unglycosylated AQP2, in cell lines only expressing F-AQP2-P262L (Fig. 7).
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Figure 7. Expression of AQP2-P262L and GFP-AQP2 in
MDCK cells.
Native or G-AQP2 expressing MDCK cells were stably transfected
wlt 1 a n
'
F-AQP2-P262L expression construct and stably-expressing
clones were selected by analysis of their expression on
immunoblots. Representative clones are shown. MDCK-G-AQP2
cells show specific G-AQP2 signals of ca. 40 and 60 kDa, while
MDCK.-F-AQP2-P262L cells show 31 and 33 kDa specific bands.
MDCK cells expressing both proteins show, besides the 40 and 60
kDa G-AOP2 bands, only the 31 kDa F-AQP2-P262L band.
Interestingly, this band was not present in cell lines expressing both
G-AQP2 (observed as bands about 40 and 60 kDa) and F-AQP2P262L or G-AQP2 alone.
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Next, the cell lines were subjected to immunocytochemistry. CLSM analysis
demonstrated that in cells expressing G-AQP2 and F-AQP2-P262L, both proteins
are only localized in the apical membrane (Fig. 8). Since wt-AQP2 and AQP2P262L form heterotetramers upon co-expression (Fig. 5), these data indicate that
AQP2-P262L is targeted to the apical membrane after oligomerization with wtAQP2.
Figure 8. Localization of F-AQP2P262L and G-AQP2 upon coexpression in MDCK cells.
MDCK-G-AQP2 cells stably expressing
F-AQP2-P262L
were
grown
to
confluence on filters. After overnight
incubation with indo-methacin, cells
were treated with forskolin in the
presence of indomethacin for 45
minutes, fixed and permeabilized. Next,
the filters were incubated with mouse anti-FLAG antibodies and Alexa 594 conjugated anti-mouse
antibodies. CLSM analysis of their subcellular localization revealed that F-AQP2-P262L (left) and GAQP2 (right) co-localized in the apical plasma membrane (arrows).
F-AQP2-P262L

G-AQP2

Discussion
Analysis of the patients
In this study, haplotype and sequence analysis of the V2R and AQP2 genes
revealed novel mutations in two separate families with recessive NDI. The affected
male in family A (Fig. 2) is a compound heterozygote for a nucleotide substitution
7 8 5 0 T in one allele combined with a 568G>A substitution in the other allele,
encoding a P262L mutation and A190T, respectively. The female patient in family
Β (Fig. 2) is also a compound heterozygote carrying a combination of the 7 8 5 0 T
and a 5 5 9 0 T mutation, coding for P262L and R187C, respectively.
The P262L mutation could have the same ancestry (by haplotype analysis) but we
have been unable to reconstruct the family trees to demonstrate this. The
n,P262L,2,d haplotype is observed in both families. A recombination event could
have occurred between this common haplotype and the more distant locus
AFM259vß.

Analysis of the mutations in cellular expression models
AQP2 mutants in recessive NDI are mostly non-functional and retained within the
ER, as revealed by their manifestation as high-mannose glycosylated proteins of 32
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kDa, next to non-glycosylated AQP2 of 29 kDa and its inability to form
heteroligomers with wt-AQP2 (Fig. 5) (3; 14; 17). Functional analysis of the AQP2A190T mutant in oocytes (Fig. 3) clearly demonstrated that it complies with all
these characteristics. Therefore, AQP2-A190T can be classified as a typical mutant
in recessive NDI. Besides, no similarities with known recessive mutants in NDI
were revealed, even though the mutation was inherited in a recessive trait as shown
in the pedigree (Fig. 2). Interestingly, in oocytes as well as MDCK cell lines
expressing F-AQP2-P262L, an additional band of unknown origin of about 30-31
kDa was present, which was not observed for either wt-AQP2 or AQP2-A190T.
Furthermore, this signal was enriched in the plasma membrane fraction (Fig. 3B).
Although de-glycosylation experiments revealed that this band is not migrating
slower due to N-glycosylation (data not shown), the exact nature of this extra
signal remains to be established. Furthermore, the AQP2-P262L mutation is
localized in the carboxy terminal tail of AQP2. This in contrast to all other known
mutants in recessive NDI which are contained in between the first and the sixth
transmembrane domain of the protein (7;14;17;27). Since oocyte experiments
demonstrated that AQP2-P262L could not be classified as a typical mutant in
recessive NDI it was additionally studied in polarized MDCK cells. Expression in
these cells revealed that AQP2-P262L was primarily missorted to the basolateral
membrane (Fig. 6A), a pathway that is not caused by deletion of the proline, as
AQP2-P262A is sorted towards the apical membrane like wt-AQP2 (Fig 6B.), but
as a result of the introduction of a leucine. Although this does not generate a known
basolateral sorting signal like a tyrosine-based or a di-leucine motif, it is known
that even a single leucine can act as a basolateral sorting signal as published for the
stem cell factor (29) though the presence of a proximal acidic cluster enhances the
efficiency of basolateral sorting in this case. Interestingly, the targeting signal of
the polymeric iG receptor that also has no similarity with the tyrosine or di-leucine
motifs contains a single valine that mediates basolateral sorting (24). Recently, we
published a novel mutant in dominant NDI (AQP2-insA) that conferred its action
by forming heteroligomers complexes with wt-AQP2, which were sorted to the
basolateral membrane in MDCK cells after forskolin administration, due to the two
basolateral sorting motifs in the C-terminal tail of AQP2-insA, which comprise one
tyrosine-based motif (Y269QGL) and one leucine-based motif that contains only a
single leucine (L261)(9). In this case, both motifs were sufficient to target AQP2insA to the basolateral membrane.
Conversely, co-expression of AQP2-P262L with G-AQP2 in MDCK cells revealed
that AQP2-P262L is sorted to the apical membrane (Fig. 7 and 8). Despite the fact
that G-AQP2 is predominantly expressed at the apical plasma membrane even
without forskolin stimulation (14) and it is not known what causes its apical
localization, we still could use G-AQP2 for this analysis because co-expression of
88

Chapter 4
G-AQP2 with mutants in dominant NDI, like AQP2-E258K lead to retention of GAQP2 from the apical membrane (unpublished data). Since AQP2-P262L forms
heteroHgomers with wt-AQP2 (Fig. 5), it can be concluded that the apical targeting
signals in G-AQP2 overrule the basolateral sorting signal in AQP2-P262L.
Together, these data show for the first time an AQP2 mutation (AQP2-P262L) that
has an intermediate phenotype. Although it has features similar to recessive
mutants in NDI, like its recessive inheritance and sorting to the apical membrane, it
is not retained in the ER and can form heterotetramers, like other known mutants in
dominant NDI. Furthermore, AQP2-P262L is located in the carboxy terminal tail
but leading to recessive, instead of dominant NDI whereas all other mutants in
recessive NDI are located between the first and sixth transmembrane domain. Here,
we describe also for the first time a mutation in AQP2 that introduces a sorting
motif, in contrast to other mutations in dominant NDI, which destroy intrinsic
motifs in wt-AQP2.
At the same time, both patients described are suffering from NDI due to a unique
combination of two recessive mutations with different effects; one classical
recessive mutation that is retained in the ER (AQP2-R187C or AQP2-A190T) and
one that is missorted towards the basolateral membrane instead of the apical
membrane (AQP2-P262L).
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Abstract
Vasopressin regulates water homeostasis by phosphorylating Aquaporin-2 (AQP2)
water channels at S256 and translocating them from vesicles to the apical
membrane and vice versa. AQP2 mutations cause recessive and dominant
Nephrogenic Diabetes Insipidus (NDI). The AQP2-E258K mutant causes dominant
NDI, but the molecular mechanism is unknown. Since transfected MDCK cells
show an AVP-regulated shuttling of AQP2 as in vivo, we therefore analyzed this
mutant in MDCK cells.
In these cells, AQP2-E258K completely co-localized with Lamp2, a marker protein
for late endosomes (LE)/ lysosomes (Lys). Upon co-expression, wild-type (wt)
AQP2 heteroligomerized with AQP2-E258K and localized to LE/Lys, independent
of forskolin stimulation, whereas wt-AQP2 alone translocated from vesicles to the
apical membrane. Orthophosphate labeling of polarized MDCK cells revealed that
forskolin increased phosphorylation of wt-AQP2 and AQP2-E258K, but not
AQP2-S256A, indicating that the E258K mutation does not interfere with the
phosphorylation of S256 in vivo. However, besides the 29-kDa band, an additional
band of about 38 kDa was observed for AQP2-E258K only. Since the mass
increase was consistent with the addition of one ubiquitin molecule, we tested
whether this band was mono-ubiquitinated AQP2-E258K. Immunoblotting for
ubiquitin of immunoprecipitated AQP2 indeed showed a 38-kDa signal for AQP2E258K, which was not present for wt-AQP2 or AQP2-S256A. Consistent with this,
FLAG-tagged AQP2-E258K revealed an ubiquitin-specific signal of about 40 kDa.
Since mono-ubiquitination has been reported to induce endocytosis of membrane
proteins and to target them to LE/Lys, and NDI patients carrying the E258K
mutation showed a shortened period of urine concentration following dDAVP
administration compared to central DI patients, mono-ubiquitination of AQP2E258K resulting in an increased endocytosis and LE/Lys targeting of wtAQP2/AQP2-E258K complexes likely explains dominant NDI in these patients.
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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 pro-urine formed each day (180
liters), most of the water content is constitutively reabsorbed via Aquaporin-1
(AQP1) water channels, which are expressed in the renal proximal tubules and
descending limbs of Henle. Uptake of the remaining water, which still is 10-20
liters per day, is under tight control of the anti-diuretic hormone argininevasopressin (AVP). Upon hypematremia or hypervolemia, 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 cAMP signaling cascade, which leads to the phosphorylation of AQP2 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;41).
In acquired and congenital Nephrogenic Diabetes Insipidus (NDI), the AVPinduced renal water reabsorption is impaired and urine is not efficiently
concentrated even though blood AVP levels are often increased (34). In congenital
NDI, mutations in the V2R gene cause the X-linked form, while mutations in the
AQP2 gene are fundamental to autosomal recessive and dominant forms of NDI
(7;29;35;45;46). 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;26). Their inability to interact with wild-type AQP2 provides an
explanation for the recessive nature of inheritance (18;20).
The first mutant AQP2 gene identified in dominant NDI encodes AQP2-E258K.
Expression studies in oocytes revealed that AQP2-E258K is a properly-folded
functional channel that was missorted to the Golgi complex region, whereas wildtype (wt) AQP2 in these cells is always in the plasma membrane (29). Also, upon
co-expression with wt-AQP2, AQP2-E258K, but not a mutant in recessive NDI,
was able to heteroligomerize with wt-AQP2 (20). Consequently, wt-AQP2 was
impaired in its transport to the oolemma, which explained the dominant inheritance
of NDI. Subsequent analysis of other AQP2 mutants revealed that
heteroligomerisation and missorting of the wt-AQP2/mutant complexes, due to
missorting of the AQP2 mutants, is the common cellular mechanism in dominant
NDI(]7;23;27).
The subcellular localization of these mutants in oocytes and MDCK cells, however,
appeared to be quite different, which is likely due to different molecular
mechanisms underlying their missorting. Resolving the subcellular localization of
these mutants and the underlying molecular cause for their missorting will provide
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information on signals involved in sorting of proteins in general and on regulatory
segments in AQP2 in particular. In addition, it will contribute to our understanding
of potential causes of diseases in general and is essential for the development of
putative therapeutic treatments.
Since the regulation of exogenous AQP2 in polarized Madin-Darby Canine Kidney
cells resembles the in vivo regulation to a greater extent than oocytes (5; 19) and the
subcellular compartments in these cells are better defined, we analyzed the
subcellular localization of AQP2-E258K in polarized MDCK cells and resolved the
molecular cause underlying its missorting in dominant NDI.
Materials and methods
Expression constructs.
PT7TS-AQP2, pT7Ts-AQP2-S256A and pT7Ts-AQP2-E258K. were as described (7;19;29).
For expression in MDCK cells, the AQP2 cDNA fragments were digested from the pT7Ts
constructs with Spel and Bglll and cloned into the Bglll and Xbal sites of pCB6. To
generate an eukaryotic expression construct encoding FLAG (DYKDDDDK)-tagged wtAQP2 (F-AQP2), pBS-F-AQP2 (20) was cut with Noti, blunted and digested with HindlU.
From pCB7, which is identical to pCB6, except that it contains a hygromycin resistance
cassette, the BamHl site was cut, blunted and re-ligated (pCB7ABHI). Next, the F-AQP2
cDNA fragment was ligated into the Hindlll and the blunted Kpnl site of pCB7ABHI to
yield pCB7ABHI-F-wtAQP2. To make pCB7ABHI-F-AQP2-E258K, the internal BamHlKpnl AQP2 cDNA fragment was exchanged for that of pT7Ts-AQP2-E258K
Cell culture and transfections.
MDCK type I cells expressing wt-AQP2 or GFP-AQP2 were as described (5;27). MDCK
cells were grown and stably-transfected as described (44). For hygromycin selection, a
concentration of 75 μg/ml was used. To select representative stably transfected cell lines,
the obtained clones were analysed for expression of the heterologous protein by
immunoblotting and proper morphology of the cells. Subsequently, of at least 4
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 O/N with 5xl0"5 M of the prostaglandin synthesis inhibitor
indomethacin, to reduce basal intracellular cAMP levels, and incubated the next day with or
5
without 5xl0" M of the adenylate cyclase activating drug forskolin (in the presence of
indomethacin) to induce steady state AQP2 translocation to the apical membrane (5). When
the subcellular localization pattern was consistent for at least 3 out of 4 clones, one or two
of these clones were selected for further studies. For transient transfection cells were seeded
at a density of 1.5xl05 / cm2. The next day, these cells were transfected using
Lipofectamine 2000 reagent (Invitrogen, Breda, the Netherlands) according to
manufacturers protocol. For this, a DNA concentration of 1.5 μg/ cm2 in a DNA:
lipofectamine ratio of 1:3 in Opti-MEM I medium (Biowithaker, Europe) and incubated
with the DNA: Lipofectamine mixture for 3 hours at 37°C. Subsequently, the mixture was
removed and cells were grown further in DMEM with 5% FCS for 3 days after which they
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were immunocytochemically analyzed. Stable clones from these transfections were
obtained by picking single clones after growth on selection drug for 10 days.
Side-specific biotinylation, orthophosphate and pulse-chase labeling, and immunoprecipitation.
Side-specific biotinylation (6) and ortho-phosphate labeling (44) of AQP2-expressing cells
were performed as described. For pulse-chase labeling, cells were grown in 6 cm tissue
culture dishes, washed with PBS and incubated for 30 min with methionine- and cysteinefree MEM (Sigma). 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, 1 mM cysteine. Cells were lysed in 1
ml 1% Triton X-100, 50 mM Tris pH 7.4, 1 mM EDTA and a protease inhibitor mix
(Complete mini, Roche) one ice. Detergent lysates were centrifuged at 14000 rpm for 5 min
to remove insoluble debris. Next, lysates were pre-cleared by incubation with BSA-coated
protein A beads for 1 hour at 4 0 C. The supematants were then transferred to a fresh tube
and incubated with anti AQP2 antibody-coated beads for 2 hours at 4 0 C. Beads were
washed 3 times at room temperature for 5 minutes with 0.05% Triton X-100, 0.1% SDS,
0.3 M NaCl, 10 mM Tris-HCl pH 8.6 and then resuspended in 25 μΐ Laemmli sample
buffer (2% SDS, 50 mM Tris, pH 6.8, 12% glycerol, 0.01% Coomassie Brilliant Blue, 100
mM DTT).
For immunoprecipitations in orthophosphate labeling experiments, 10 μΐ protein A agarose
beads (Kem-En-Tec A/S, Copenhagen, Denmark) per sample was washed twice in
lysisbuffer; 1% BSA. Per sample, 4 μΐ of rabbit 7 anti-AQP2 antibodies was added to
protein-Α beads in 400 μΐ lysisbuffer and rotated O/N at 4°C. These antibodies were raised
against the 15 COOH-terminal amino acids of rat AQP2 (Deen et ai., 1995). Then, the
protein Α-antibody beads were washed twice in ice cold lysisbuffer and incubated with cell
supernatant for 16 h. Following 4-times washing with lysisbuffer containing phosphatase
inhibitors, the beads were sucked dry with a needle and resuspended in 30 μΐ of Laemmli
sample buffer. Proteins were incubated for 30 min at 370C and resolved by SDS-PAGE on
12.5% gels. Quantification of immunoprecipitated AQP2 was done by phosphor-imaging
(pulse-chase labeling) or by comparison of densitometrically scanned immunoblot signals
with a 2-fold dilution series of wt-AQP2/AQP2-E258K.
SDS-PAGE and immunoblotting.
Protein samples were denatured, separated by SDS-PAGE and immunoblotted as described
(4). As primary antibodies were used, 1:3000 diluted affinity-purified rabbit AQP2
antibodies (4) diluted 1:3000 in TBS-T and ubiquitin monoclonal antibodies (SPA 203,
Stressgen Biotechnologies Corp. Canada) diluted 1:2000 in TBS-T with 5% nonfat dried
milk. As secondary antibodies, goat anti-rabbit antibodies (1:5000 in TBS-T, Sigma) or
sheep anti-mouse antibodies (1:2000 in TBS-T, Sigma), both coupled to horseradish
peroxidase, were used. Proteins were visualized using enhanced chemiluminescence
32
(Pierce). SDS-polyacrylamide gels loaded with P labeled samples were dried prior to
exposure for approximately 3 days to film using 2 amplifying screens at -80 °C.
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Immunocytochemistry.
Growth of cells, their treatment with indomethacin and forskolin and immunocytochemistry
were performed as reported (6) As antibodies, a 1:100 dilution of affinity purified rabbit
anti-AQP2 antibodies, guinea pig anti-AQP2 antibodies or monoclonal antibodies against
FLAG (M2, Sigma, St Louis, MO) in goat serum were used alone or in combination with
one of the following organelle marker antibodies: 1:100 dilution of rabbit anti GOS28
antibodies(12), 1:200 dilution of rabbit anti Giantin antibodies (24), 1:100 dilution of rabbit
anti Mannosidase II (43), 1:100 dilution of monoclonal antibodies against Golgi 58K.
protein (11) (Sigma, St Louis, MO) respectively, and 1:100 dilution of monoclonal
antibodies against EEA-1 (28) (BD Transduction Laboratories, Lexington, KY) or 1:200
dilution of monoclonal antibodies (clone AC 17) against the late endosomal/lysosomal
marker Lamp2 (30) (kindly provided by Dr. Le Bivic, Marseille, France). For labeling
lysosomes, the cells were loaded with 75 nM LysoTracker Red DND-99 (Molecular Probes
Eugene, OR) for 90 minutes before fixation with paraformaldehyde, according to the
manufacturers protocol. Subsequently, the filters were incubated 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, Eugene, OR) or goat anti
mouse Cy5 antibodies (Jackson Immunoresearch Labs Ine, West Grove, PA, USA) in goat
serum for 45 min. Next, filters were rinsed 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 60x oil-immersion objective. As a control, nontransfected MDCK cells revealed no labeling (data not shown).
For immuno electron microscopy, cells were fixed with a mixture of 2% freshly prepared
formaldehyde and 0.2% glutaraldehyde in 0.1 M phosphate-buffer, pH 7.4. After 6 hours at
room temperature, the fixative was replaced and cells were post-fixed in 2% formaldehyde
overnight at 4 0 C. Cells were then prepared for ultrathin cryosectioning and immunogold
labeled according to the protein Α-gold method. Briefly, fixed cells were washed once in
PBS with 0.02 M glycine, after which cells were scraped in 1% gelatin in PBS and
embedded in a 12% gelatin solution. The cell-gelatin mixture was solidified on ice and cut
into small blocks. After infiltration with 2.3 M sucrose at 4°C, blocks were mounted on
aluminum pins and frozen in liquid nitrogen. Ultrathin cryosections were picked up in a
mixture of 50% sucrose/50% methyl cellulose (25) and incubated with a rabbit antibody
against AQP2, that was previously used for the ultrastructural localization of AQP2 in
Xenopus oocytes (29). Labeling was done with protein A coated with 10 nm gold.
Densitometrical analysis.
Each signal was scanned with a GS-690 Imaging Densitometer (Biorad, CA, 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 two-fold dilution series of wtAQP2 were used as a (linear) standard for semi-quantification of the amounts of expressed
AQP2 (in arbitrary units).
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Results
In MDCK cells, AQP2-E258K is retained in late endosomesAysosomes
Heterologously expressed in MDCK cells, AQP2 translocation to and from the
apical membrane can be regulated by AVP (or the adenylate cyclase activator
forskolin) (5). Therefore, MDCK cells were stably transfected with a pCB6 AQP2E258K expression construct and a representative clone was selected. To determine
its subcellular localization and its forskolin responsiveness, MDCK-AQP2-E258K
and MDCK-AQP2 (wtlO) cells were not stimulated or stimulated with forskolin
and subjected to immunocytochemistry. Subsequent CLSM analysis revealed that
with or without forskolin stimulation, AQP2-E258K was localized in vesicular
structures (Fig. 1, upper panel). As shown before (5), wt-AQP2 is only localized in
intracellular vesicles when not stimulated, but is translocated to the apical
membrane after forskolin stimulation (Fig. 1, middle panel).
To further pinpoint the subcellular localization of AQP2-E258K, MDCK-AQP2E258K and MDCK-AQP2 cells were treated with or without forskolin and
subjected to co-localization studies using several antibodies against organelle
marker proteins in combination with AQP2 antibodies. CLSM analysis revealed
that AQP2-E258K, nor wt-AQP2, co-localized with marker proteins for the cis(GOS28), medial- (Mannosidase II) or trans- (Giantin, 58K) Golgi complex (not
shown). However, AQP2-E258K showed a nearly complete overlap with Lamp2
(Fig. 1, lower panel), indicating that AQP2-E258K mainly localizes in late
endosomes/lysosomes. These localizations of AQP2-E258K did not change with
forskolin treatment (not shown). In contrast, wt-AQP2 showed no co-localization
with Lamp2 (not shown). This indicated that in MDCK cells, AQP2-E258K at
steady state mainly localizes to late endosomes/lysosomes, which is different from
that observed for wt-AQP2.
To determine biochemically whether AQP2-E258K is expressed in the apical
membrane to some extent, MDCK-AQP2 and MDCK-AQP2-E258K cells were
subjected to apical cell surface biotinylation. Immunoblotting of biotinylated
proteins revealed no signal for AQP2-E258K, independent of forskolin stimulation
(Fig. 2, PM).
In contrast, wt-AQP2 was already expressed in the apical membrane without
forskolin stimulation, which was increased 3 -fold with forskolin. The absence of
apical AQP2-E258K expression was not due to low expression levels, because this
mutant was expressed at higher levels than wt-AQP2 (Fig. 2, TL). Together, these
data reveal that AQP2-E258K is steady state not detectable in the apical
membrane, with or without forskolin stimulation.
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unstimulated

stimulated

AQP2-E258K

Lamp2

AQP2-E258K

Wt-AQP2

Figure 1. Localization of
wt-AQP2
and
AQP2E258K in polarized MDCK
cells.
MDCK cell lines stably
expressing wt-AQP2 or
AQP2-E258K
(both
indicated on the left) were
grown to confluence on
semi-permeable filters and
incubated ovemight with
indomcthacin (unstimulated)
to reduce basal cAMP levels.
Subsequently, cells were
treated for 45 minutes with
forskolin in the presence of
indomcthacin (stimulated).
After
fixation
and

permeabilization, the filters
were incubated with rabbit
anti-AQP2 antibodies and
then with Alexa594 (wtAQP2 cells) or Alexa488
(AQP2-E258K
cells)
conjugated anti-rabbit antibodies. As can be seen in the
confocal images, wt-AQP2 is sorted to the apical membrane after forskolin treatment (middle panel)
whereas AQP2-E258K is retained in intracellular vesicles (upper panel). MDCK cells stably
expressing AQP2-E258K were grown and treated ovemight with indomethacin. Next, the filters were
fixed, permeabilized, incubated with rabbit anti-AQP2 antibodies and monoclonal antibodies
recognizing the late endosomal/lysosomal marker protein Lamp2, followed by Alexa 488 conjugated
anti-rabbit and Alexa 594 conjugated anti-mouse antibodies. As can be seen in the obtained CLSM
images, the AQP2 proteins (lower left column) and Lamp2 (lower right column) almost show a
complete ovelap (arrows).

To determine the localization of AQP2-E258K at higher resolution, MDCK cells
expressing AQP2-E258K or wt-AQP2 were subjected to electron microscopy.
Analysis of the samples revealed that AQP2-E258K is localized in multivesicular
bodies and electron dense structures close to the Golgi region, which most likely
represent lysosomes (Fig. 3). Besides, some staining was detected in the Golgi
complex and vesicles located close to the Golgi complex (Fig. 3, left panel). In
contrast, wt-AQP2 is localized in multivesicular bodies and in tubulovcsicular
structures of unknown identity in the apical cytoplasm in unstimulated cells (14)
(Fig. 3, middle panel), while it is mainly localized in the apical membrane after
forskolin stimulation Fig. 3, right panel).
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Figure 2. Apical cell surface
expression of wt-AQP2 and AQP2E258K.
IF
IF
Cells expressing wt-AQP2 or AQP2— 46
E258K were grown to confluence and
PM
treated
with indomethacin (I) or
— 29
indomethacin /forskolin (IF) and
subjected to a cell surface biotinylation
assay. Biotinylated proteins were
TL
1—29
precipitated with streptavidin-agarose
beads and immunoblotted for AQP2. A
sample of the lysed cells was
immunoblotted in parallel to visualize the amount of proteins expressed. The mass of marker proteins
in kDa are indicated on the right. The data confirmed the results obtained by immunocytochemistry.

wt-AQP2

AQP2-E258K

AQP2-E258K

wt-AQP2
Non-stimulated

wt-AQP2
Forskol in-sti m u lated

Figure 3. Electron microscopic analysis of wt-AQP2 and AQP2-E258K in MDCK cells.
Ultrathin cryosections of cells expressing wt-AQP2 and AQP2-E258K were immunogold labeled for
AQP2 (10 nm gold particles, arrows). Non-stimulated Wt-AQP2 is located in multivesicular bodies
(MVB, middle panel, arrows) and vesicles of unknown identity (middle panel, arrowheads) while
stimulated Wt-AQP2 (right panel) is predominantly located at the apical plasma membrane (PM).
AQP2-E258K (left panel) is located in electron dense late endosomes/lysosomes structures. No
labeling was found for the Golgi complex system.

AQP2-E258K displays a decreased half-life compared to wt-AQP2
Since mature proteins targeted for degradation are sorted to late
endosomes/lysosomes, we wanted to determine whether AQP2-E258K is less
stable than wt-AQP2. To investigate this, AQP2-E258K and wt-AQP2 cells were
subjected to pulse-chase labeling experiments. After a pulse for 30 min and a chase
for the indicated periods, cells were lysed, AQP2 proteins were precipitated,
subjected to SDS-PAGE and exposed to film (Fig. 4A). The typical bands for
unglycosylated (29 kDa), high-mannose glycosylated (32 kDa) and complexglycosylated (40-45 kDa) bands were observed. Interestingly, an additional band of
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40 kDa was observed (Fig. 4A, arrow). Phosphoimager quantification analysis of
the 29 kDa signals (Fig. 4B) revealed that the half-life of AQP2-E258K is about 7
hours, while this is about 12 hours for wt-AQP2, as reported (14).

AQP2-E25SK
46

-40
-31
29

AQP2

1

3

chase (hr)

• 200

Β

Figure 4. Pulse-chase of wt-AQP2 and
AQP2-E258K in MDCK cells.
MDCK cells expressing wt-AQP2 or
AQP2-E258K were subjected to pulsechase experiments. After a pulse for 30
min and a chase for 0.5, 1, 3, 6 and 8
hours, cells were lysed. AQP2 proteins
were precipitated and subjected to SDSPAGE (Fig 4A). In addition to the 29
kDa unglycosylated and 32 kDa high
mannose
glycosylated
AQP2,
an
unknown band of about 38 kDa was
observed (arrow), which was not seen for
wt-AQP2. Phosphoimager analysis of the
signals for non-glycosylated
AQP2
proteins (plotted as arbitrary units)
revealed a half-life of AQP2-E258K
(filled diamonds) of about 7 hours
whereas for wt-AQP2 (filled squares) a
half-life of about 12 hours was observed
(Fig 4B).

Upon co-expression, AQP2-E258K retains wt-AQP2 in late endosomesAysosomes
In Xenopus oocytes, heteroligomerisation of expressed wt-AQP2 and AQP2E258K resulted in a reduced plasma membrane expression of wt-AQP2 (29), but
the subcellular localization of the complex was not studied. To determine whether
AQP2-E258K would retain wt-AQP2 from the plasma membrane in MDCK cells
and to study the subcellular localization of this complex, a FLAG-tagged AQP2E258K (F-AQP2-E258K) expression construct was made and transfected to
MDCK cells stably-expressing GFP-tagged wt-AQP2 (G-AQP2). Expressed alone,
F-AQP2-E258K also co-localized with Lamp2 (not shown), which indicated that
the FLAG-tag did not interfere with genuine sorting of F-AQP2-E258K.
Neomycin-resistant colonies were pooled and subjected to immunocytochemistry
using antibodies against FLAG. CLSM analysis revealed that in cells expressing
both proteins, G-AQP2 and F-AQP2-E258K co-localized in intracellular vesicles.
In contrast and as shown before (26), in cells only expressing G-AQP2, this protein
is located in the apical membrane, independent of forskolin stimulation (Fig. 5A).
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LysoTracker

G-AQP2

F-AQP2-E258K

Figure 5. Co-expression of G-AQP2 with F-AQP2-E258K in MDCK cells.
A) Co-localization of G-AQP2 and F-AQP2-E258K. 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 grown to confluence on semi-permeable filters, and
incubated overnight with indomethacin to reduce basal cAMP levels. Subsequently, the filters were
fixed and permeabilized. After incubation with monoclonal antibodies against FLAG, the filters were
incubated with Alexa 594 conjugated anti-mouse antibodies. The obtained CLSM images, F-AQP2E258K (left) and G-AQP2 (right) are shown. Cells expressing only G-AQP2 displayed a diffuse
apical staining whereas in cells expressing both G-AQP2 and F-AQP2-E258K an intracellular
vesicular staining was observed (arrows).
B) Co-localization of G-AQP2 and F-AQP2-E258K with LysoTracker Red in MDCK cells. MDCK
cells stably expressing GFP-tagged AQP2 (G-AQP2) were transiently transfected with an expression
construct encoding FLAG-tagged AQP2-E258K (F-AQP2-E2581C). Cells were grown to confluence
on semi-permeable filters. After incubation with LysoTracker Red for 90 min cells were fixed and
permeabilized. After incubation with monoclonal antibodies against FLAG, the filters were incubated
with Cy5 conjugated anti-mouse antibodies. In the obtained CLSM images, LysoTracker, G-AQP2
and F-AQP2-E258K are shown, respectively. Cells expressing only G-AQP2 displayed a diffuse
apical staining whereas in cells expressing both G-AQP2 and F-AQP2-E258K an intracellular
vesicular staining was observed that co-localizes with Lysotracker Red (arrows).

103

Mono-ubiauitination and missortina of AQP2-E258K
Since our Lamp2 and FLAG antibodies were incompatible to determine whether
AQP2 heteromeric complexes were localized to late endosomes/lysosomes,
lysosomes in MDCK-G-AQP2/F-AQP2-E258K cells were visualized using
LysoTracker Red, a fluorescent compound that accumulates in acidic
compartments like lysosomes (42). CLSM analysis revealed that in cells expressing
both proteins, G-AQP2 (middle), F-AQP2-E258K (right) and LysoTracker Red
(left) showed a clear co-localization (Fig. 5B; arrows). This co-localization was
independent from forskolin stimulation. Taken together, these data indicated that,
upon co-expression in MDCK. cells, F-AQP2-E258K heteroligomerizes with wtAQP2 and targets the complex primarily to late endosomes/lysosomes.
AQP2-E258K, but not wt-AQP2, is phosphorylated in vivo by the protein kinase
A and Cpathways
In a next step, we wanted to identify the molecular mechanism for the sorting of
AQP2-E258K to late endosomes/lysosomes. Since the E258K mutation is close to
S256, which's phosphorylation by (presumably) PKA is essential for translocation
of AQP2 to the plasma membrane (9;21;44), we hypothesized that the E258K
mutation could interfere with S256 phosphorylation. Although previous
phosphorylation experiments in Xenopus oocytes showed that AQP2-E258K could
be phosphorylated, this may not reflect the actual condition in the patients because
oocytes have high cAMP levels that could lead to an increased PKA activity. In
addition, the E258K mutation introduces a protein kinase C (PKC) phosphorylation
consensus sequence (SxK/R). Since spatial and temporal phosphorylation of
proteins is important in protein sorting (40;50), illegitimate spatial or temporal
phosphorylation of AQP2-E258K by PKC could be fundamental to its missorting.
To determine whether AQP2-E258K lacks phosphorylation by PKA or is
phosphorylated by PKC, MDCK cells expressing AQP2-E258K, wt-AQP2 or
AQP2-S256A were subjected to orthophosphate labeling, treated with forskolin,
PMA (an activator of PKC), both forskolin and PMA, or with none of these, all in
the presence of indomethacin. Following lysis and AQP2 immunoprecipitation,
half of each sample was subjected to SDS-PAGE and exposed (Fig. 6, upper
panel), while the other half was immunoblotted for AQP2 (Fig. 6, middle panel).
Densitometrie analysis of the 29 kDa AQP2 signals and semi-quantification of the
radio-active signals following normalization for their AQP2 expression level,
revealed that forskolin increased wt-AQP2 phosphorylation 1.2-fold. In contrast,
PMA did not increase the level of phosphorylation of wt-AQP2 (44). With AQP2E258K, forskolin treatment also resulted in a 1.5-fold increase in phosphorylation,
while a similar increase was found with PMA. Treatment with forskolin and PMA
resulted in a 2.9-fold increase of AQP2-E258K phosphorylation compared to
untreated controls, which indicated to a synergistic effect of PKA and PKC in
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AQP2-E258K phosphorylation. As reported (44), AQP2-S256A was not labeled
with forskolin, which indicates that phosphorylation of AQP2-E258K and wtAQP2 is at S256. Altogether, these data revealed that the E258K mutation
introduced phosphorylation of S256 by PKC and did not interfere with S256
phosphorylation by PKA. In contrast, S256 in wt-AQP2 was only phosphorylated
by PKA. These data thus indicated that a spatial and/or temporal phosphorylation
of AQP2-E258K by PKC could be the cause of its missorting.

Wt-AQP2
I

IF

E258K
I

IF

S256A
IP

IFP

IP

Figure 6. Phosphorylation of wt-AQP2, AQP2-E258K and AQP2-S256A in MDCK cells.
Cells expressing wt-A0P2, AQP2-E258K or AQP2-S256A were grown and treated with
indomethacin (/), indomethacin/forskolin (IF), or indomethacin/forskolin/PMA (IFP) as described
(44) and subjected to 32[P]-orthophosphate labeling. After lysis, the AQP2 proteins were
immunoprecipitated, split in two portions of which one was separated on SDS-PAGE and
autoradiographed (upper panel). The second portion was immunoblotted for AQP2 (lower panel). The
mass of marker proteins in kDa is given on the right. Wt-AQP2 shows a clear increase in
phosphorylation with forskolin, whereas AQP2-S256A is not labeled under any condition. AQP2E258K revealed besides an increase in phosphorylation with forskolin also an increase after treatment
with PMA. Interestingly, an additional band of about 38 kDa was observed for AQP2-E258K but not
for wt-AQP2 or AQP2-S256A.
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AQP2-E258K is mono-ubiquitinated in MDCK cells
Besides the 29 kDa band, however, an additional band of about 38 kDa was
observed for AQP2-E258K, which was absent in lanes of wt-AQP2 or AQP2S256A (Fig. 6, upper panel). With immunoblotting, this 38 kDa band was only
observed after amplification of the signal and a long exposure time (Fig. 6, lower
panel). The 38 kDa band was also observed when the guinea pig and rabbit
antibodies, used for immunoprccipitation and immunodetection, respectively, were
switched and when immunoprccipitation was done after solubilisation of the
membranes in 0.1 % SDS, which indicated that the 38 kDa protein was a modified
form of AQP2-E258K. Since ubiquitin has a size of about 9 kDa, is covalently
attached to an ε-ΝΗ2 group of an internal lysine (13), which is the amino acid
introduced with the E258K mutation, and that mono-ubiquitination can target
proteins to yeast equivalent of late endosomes/lysosomes (36), the observed 38
kDa protein could represent mono-ubiquitinated AQP2-E258K. To test this, wtAQP2, AQP2-E258K and F-AQP2-E258K cells were grown to confluence, lysed
and subjected to AQP2 immunoprccipitation. The sample was split into two
fractions of which one was immunoblotted for ubiquitin (Fig. 7, left panel), while
the other was immunoblotted for AQP2 (Fig. 7, middle panel). Ubiquitin detection
indeed revealed a band of 38 kDa in the lane of AQP2-E258K (Fig. 7, AQP2mUb), which was again absent in the lane for wt-AQP2.

a-Ub.

a-AQP2

1

3264

Figure 7. Immunoblot analysis of wt-AQP2, AQP2-E258K and F-AQP2-E258K.
MDCK cells expressing wt-AQP2, AQP2-E258K, F-AQP2-E258K or non-transfected MDCK cells
(C) were grown to confluency, lysed and subjected to AQP2 immunoprccipitation. Immunoblotting of
these proteins for ubiquitin showed a clear signal at 38 kDa for mono-ubiquitinated (mUb,
arrowheads) AQP2-E258K, which was not detected for wt-AQP2 (left panel). In addition also polyubiquitinated AQP2-E258K and W-AQP2 signals were detected (pUb). Immunoblotting for AQP2 of
total lysates revealed, besides a complex-glycosylated AQP2 signal (eg), a mUb signal for AQP2E258K after a long exposure time (middle panel, arrowheads). The signal of unglycosylated AQP2
was more than 32-stronger than of AQP2-mUb (left panel).
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Importantly, an ubiquitinated band of about 40 kDa was detected in the lane of FAQP2-E258K cells, which is consistent with a 2 kDa increase in size of monoubiquitinated AQP2-E258K, due to the FLAG-tag. Besides these bands, many
higher ubiquitinated bands of similar sizes (Fig. 7, left panel, AQP2-pUb) 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. 7, left panel, lane C). Upon long exposure, the
immunoblot incubated with AQP2 antibodies revealed the same 38 and 40 kDa
bands (Fig. 7, middle panel, arrowheads) for AQP2-E258K and F-AQP2-E258K,
respectively, which were again absent from the lane of wt-AQP2. Besides these
bands, unglycosylated (29 kDa) and complex-glycosylated AQP2 (cgAQP2, 40-45
kDa) proteins were detected at much higher levels. In fact, AQP2 immunoblotting
of a serial dilution of the F-AQP2-E258K sample revealed that the signal of
unglycosylated AQP2 was more than 32-fold stronger than that of monoubiquitinated F-AQP2-E258K. (Fig. 7, right panel). These data indicated that the
E258K mutation makes the AQP2-E258K protein prone to mono-ubiquitination.

Discussion
Missorting of wt-AQP2/AQP2-E258K complexes to late endosomesAysosomes
explains dominant NDI
Immunocytochemical and cell surface biotinylation experiments of polarized
MDCK-AQP2-E258K cells revealed that, with or without forskolin stimulation,
AQP2-E258K. was retained in intracellular compartments and co-localized to
nearly 100% with Lamp2 (Fig. 1). The overlap of AQP2-E258K localization with
LysoTracker (Fig. 5B), which accumulates in acidic compartments, underscores a
late endosomal/lysosomal localization of AQP2-E258K. AQP2-E258K did not colocalize with marker proteins for the cis-, medial-, or trans-Golgi network (not
shown). In contrast, wt-AQP2 showed no co-localization with Lamp2 and was
translocated to the apical membrane with forskolin (Fig. 1). These data revealed
that in polarized MDCK cells, AQP2-E258K was missorted and steadily localized
to late endosomes/lysosomes.
Recently, we showed in oocytes that AQP2-E258K. confers its dominant effect
upon wt-AQP2 by forming heteroligomers with wt-AQP2 and missorting of the
complex (20;29). Upon co-expression in MDCK cells, AQP2-E258K and G-AQP2
co-localized in intracellular vesicles, which stained also with LysoTracker (Fig.
5B), while G-AQP2 only was localized in the apical membrane. Although Nterminally-tagged GFP apparently interferes sorting of wt-AQP2 to intracellular
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storage vesicles, these data show that AQP2-E258K and G-AQP2 also interact in
MDCK cells and that the signal to missort AQP2-E258K is apparently dominant
over the plasma membrane retention signal of G-AQP2, resulting in the sorting of
the heteromeric complex in LE/lysosomes. Together, the heteroligomenzation of
wt-AQP2 and AQP2-E258K and their missorting to LE/lysosomes provides the cell
biological phenotype for the dominant trait of NDI in this particular family.
Mono-ubiquitination of AQP2-E258K provides a molecular mechanism for
dominant NDI
Due to recruitment into protein complexes by specific anchoring proteins, protein
kinases A and C are likely differentially localized in cells (1). Since spatial and
temporal phosphorylation also differentially affects the function of proteins and the
E258K mutation introduces a PKC consensus site, we initially hypothesized that a
lack of phosphorylation by PKA and/or a phosphorylation of AQP2-E258K by
PKC at a different location or moment as done by PKA might be the molecular
mechanism underlying dominant NDI.
Stimulation with forskolin of orthophosphate labeled MDCK-AQP2-E258K cells,
however, revealed increased levels of phosphorylated wt-AQP2 and AQP2-E258K.
Since AQP2-S256A was not phosphorylated upon forskolin administration, these
data indicated that the E258K mutation did not affect S256 phosphorylation in
AQP2-E258K (Fig. 6). Stimulation with the PKC activator PMA also increased
AQP2-E258K phosphorylation. Although our data do not show a direct
phosphorylation of S256 in AQP2-E258K by PMA, the lack of PMA-induced
phosphorylation of wt-AQP2 and AQP2-S256A (44) strongly suggests that the
E258K mutation is subjected to phosphorylation by PMA. This is further supported
by the even stronger increase in phosphorylation of AQP2-E258K with forskolin
and PMA, which likely is the result of PKA and PKC synergistically
phosphorylating S256 in AQP2-E258K.
Surprisingly, however, an AQP2-E258K form of 38 kDa was considerably labeled
with orthophosphate, which was absent from the lanes of wt-AQP2 or AQP2S256A (Fig. 6). Further analysis of AQP2-immunoprecipitates from MDCK cells
expressing untagged or FLAG-tagged AQP2-E258K, revealed bands of 38 and 40
kDa, respectively, that were stained with anti-AQP2 and anti-ubiquitin antibodies
(Fig. 7). The 9 kDa increase in AQP2-E258K mass (calculated mass is 29 kDa) is
consistent with the addition of one ubiquitin molecule (13).
Besides mono-ubiquitinated AQP2-E258K, a ladder of poly-ubiquitinated AQP2E258K proteins were observed, but these were also found for wt-AQP2 and to a
similar extent when normalized for the expression levels of the unglycosylated
forms. Poly-ubiquitination of proteins is known to play a major role in their
degradation by serving as a tag for recognition by the 26S proteasome (16;48), but
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has recently also been implicated in the internalization and downregulation of
mammalian tyrosine kinase, the growth hormone receptor, glycine receptors, and
the renal epithelial sodium channel ENaC (2;3;37;38). A role for monoubiquitination in protein sorting has been obtained for some yeast GPCRs,
permeases and transporters such as the α-factor (Ste2p) and a-factor (Ste3p) mating
type factor receptors ((15;36) and ref. therein). Pheromone binding of Ste2/3p
receptors stimulates phosphorylation and mono-ubiquitination of their cytoplasmic
tails, processes that are both required for their rapid internalization into early
endosomes. These endosomes invaginate their membranes from the limiting
membrane to form internal vesicles. The resulting multivesicular bodies (MVBs)
fuse with the vacuole, the yeast equivalent of lysosomes, delivering the internal
vesicles for degradation, while proteins of the limiting membrane recycle (31).
Recent studies on yeast polyphosphatase (Phm5p), carboxypeptidase S (Cpslp) and
haem oxygenase (Hmxlp) revealed that mono-ubiquitination was necessary and
sufficient for their incorporation into the internal vesicles of MVBs and indicated
that removal of the ubiquitin is required to divert them from this fate (33). In
contrast to the proteins above, however, these proteins are thought to pass directly
from the Golgi to endosomes instead of recycling via the plasma membrane.
Due to the difficulty to detect surface AQP2, it is at present unclear whether
AQP2-E258K is targeted to endosomes and LE/lysosomes via the plasma
membrane or directly from the Golgi. Indications that AQP2-E258K might sort via
the plasma membrane, however, come from analysis of the two AQP2-E258K
patients, who showed a transient increase in dDAVP-induced urine concentration,
while central DI patients, who lack endogenous AVP, gave a sustained increase in
urine osmolarity (Fig. 8) (29).
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Figure 8. Urinary osmolality of
affected individuals in dominant NDI.
Urinary osmolarity (mean ± SE) was
measured before and after dDAVP
infusion (*dDAVP was infused from 020 mm). Shown are the urine
osmolalities of the proband and her
daugthter {filled squares), nine patients
with V2R mutations (filled triangles),
three patients homozygous for AQP2
mutations (filled diamonds), and four
patients with central diabetes insipidus
(open circles) (adapted from Mulders et
al, 1998).
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In light of the data above, this can be explained by the presence of wtAQP2/AQP2-E258K. complexes in the patient's principal cells, which are
translocated to the apical membrane by dDAVP, but are subsequently internalized
from the apical membrane at an accelerated rate due to ubiquitination of AQP2E258K. However, it remains to be established whether AQP2-E258K is targeted to
LE/lysosomes via the plasma membrane or not.
Phosphorylation of the Ste2/3p receptors in yeast enhanced its monoubiquitination, endocytosis and degradation (15). Mono-Ubiquitinated AQP2E258K was expressed at much lower levels than the 29 kDa isoform but its
orthophosphate signal was well detectable, which indicated that it was
phosphorylated to a much higher extent than the 29 kDa protein. Mono-Ub AQP2E258K. was phosphorylated to different extents within different treatments, but the
level of mono-ubiquitinated AQP2-E258K was similar for all conditions, which
indicated that phosphorylation of AQP2-E258K did not influence its level of
mono-ubiquitination (Fig. 6). This is in line with the unchanged localization of
AQP2-E258K with forskolin (Fig. 1) or PMA (not shown). Consistent with the
yeast data above, wt-AQP2 is relatively stable and recycles to the plasma
membrane with forskolin, whereas AQP2-E258K is ubiquitinated, localizes to
LE/lysosomes independent of forskolin treatment and is degraded to a great extent.
One could question, however, how AQP2-E258K could accumulate in
LE/lysosomes, while less than l/32nd of the total is detected as mono-ubiquitinated
(Fig. 7). This could be explained by the finding that proteins destined for the lumen
of LEs undergo a cycle of ubiquitination and de-ubiquitination (32), indicating that
at a particular moment only a small portion will be detected as ubiquitinated.
Alternatively and as shown for yeast vacuolar uracil permease (10), monoubiquitinated AQP2-E258K in MVBs might receive multiple ubiquitin chains,
which might improve their efficiency in sorting. Indeed, several multiubiquitinated AQP2-E258K bands were detected (Fig. 7), but it is unclear whether
these bands were derived from mono-ubiquitinated AQP2-E258K in
LE/lysosomes. Besides, similar bands were observed for wt-AQP2 and, normalized
for the amounts of unglycosylated/ubiquitinated AQP2 proteins, the levels of polyubiquitinated AQP2 proteins were similar, which indicates that the existence of
these bands is not related to the mono-ubiquitin form of AQP2-E258K.
Now, spatial and temporal phosphorylation of by PKA and PKC as well as monoubiquitination could be fundamental to the missorting of AQP2-E258K to late
endosomes/lysosomes. However, is difficult to envision how phosphorylation
could cause AQP2-E258K sorting to LE/lysosomes for three reasons. First, AQP2S256D, which mimics AQP2 constitutively-phosphorylated at S256, is not
missorted in MDCK cells, but is, similar to stimulated wt-AQP2, expressed in the
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apical membrane (44). Second, in unstimulated MDCK cells, AQP2-E258K is
already localized in LE/lysosomes. Third, although forskolin and PMA clearly
increased the level of phosphorylation of AQP2-E258K, the subcellular
localization of AQP2-E258K was not detectably changed (Fig. 1).
In conclusion, we have shown that AQP2-E258K mediates dominant NDI by
retaining wt-AQP2 in LE/lysosomes and that mono-ubiquitination of AQP2-E258K
is likely fundamental to its accumulation in this organelle. Liddle syndrome, which
is a rare form of hypertension, has been shown to be caused by the inability to
poly-ubiquitinate and endocytose the ENaC sodium channel from the plasma
membrane (37). As such, AQP2-E258K is the first example of a mammalian
protein that is targeted to LE/lysosomes by mono-ubiquitination and of a disease in
which mono-ubiquitination is fundamental to its disease phenotype. Since several
other proteins in diseases are missorted to LE/lysosomes (47) and many diseasecausing mutations involve the introduction of a lysine residue (22;39;49)it is
anticipated that increased LE/lysosomal targeting of a mutant protein due to
ubiquitination will be fundamental to several other diseases.
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Sorting of AQP2
Since most aquaporins, including AQP2, are considered to be constitutively open
channels, the water flux across the cell is determinated by the number of aquaporin
proteins in the plasma membrane. In the past, several studies have already been
performed to investigate the mechanism(s) that induce sorting and recycling of
AQP2. Today, it is well-known that upon dehydration or hypovolemia, AVP is
released from the pituitary gland and binds to vasopressin V2- receptors that are
located in the basolateral membrane of renal cortical collecting duct cells.
Subsequently, these G-protein coupled receptors activate adenylyl cyclase to
convert ATP into cAMP, which in its turn increases protein kinase A (PKA)
activity. This activation leads to an increase in phosphorylated proteins including
AQP2 proteins stored in intracellular vesicles. Next, these phosphorylated AQP2
(p-AQP2) proteins are targeted towards and inserted into the apical plasma
membrane, making this membrane water permeable. Conversely, upon water
intake, vasopressin levels in the blood decrease and AQP2 channels are recycled
back to intracellular vesicles (22;32). Although this mechanism of AVP-regulated
water reabsorption was already proposed in the early 80's (33), the cell biological
tools that control AQP2 sorting are still not completely clarified.
Phosphorylation of AQP2
One of the first recognized features important in AQP2 sorting was its
phosphorylation at S256, which resides in a putative PKA consensus sequence.
Several studies have revealed that phosphorylation at this site is essential for
translocation of AQP2 from its intracellular stores to the plasma membrane
(5;6;11;23). Also, it has been demonstrated in oocyte experiments that minimally
three out of four monomers in an AQP2 tetramer have to be phosphorylated for its
steady state localization in the plasma membrane (9). The study described in
chapter 2 demonstrates that, even in the absence of elevated cAMP levels, a
mutant mimicking the phosphorylated state of AQP2 at S256 is located at steady
state in the apical plasma membrane of MDCK cells, while a mutant mimicking
non-phosphorylated AQP2 resides in intracellular vesicles even upon forskolin
stimulation. This indicates that although phosphorylation of AQP2 is necessary for
a plasma membrane localization, its sorting to cAMP-sensitive storage vesicles is a
phosphorylation independent process. Additionally, it has been suggested that the
constitutive trafficking process is not dependent on phosphorylation of S256 but
that it is an essential step for regulated vasopressin/cAMP-mediated translocation
of AQP2 (17). Besides PKA phosphorylation of AQP2, also other kinases have
been proposed to play a role in AQP2 trafficking. From in vitro phosphorylation
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experiments it has been suggested that phosphorylation of S231 in the putative
PKC consensus sequence site of AQP2 might be involved in recycling of AQP2
from the plasma membrane (Dr. S. Nielsen, unpublished results). Other indirect
evidence has been provided by experiments demonstrating a reduced AVP
stimulated water transport after administration of hormones, like epidermal growth
factor or prostaglandin E2, which were suggested to activate PKCs that interfere
with the recycling of AQP2 to the apical plasma membrane (18;21). In addition,
phorbol myristate acetate (PMA), a drug that activates PKCs, was shown to inhibit
osmotic water permeability in isolated perfused IMCD segments (7). However,
these experiments did not indicate whether these activated PKCs directly
phosphorylate AQP2 at its PKC consensus site or have an indirect effect on AQP2
sorting. The results described in chapter 2 show that after PMA stimulation of
PKCs the phosphorylation level at S256 remains unchanged while an (steady state)
intracellular localization of AQP2 is observed. Furthermore, mimicking
phosphorylation of AQP2 at S231 did not influence its targeting. Also, simulating a
phosphorylated or non-phosphorylated state of the three putative CKII sites in
AQP2 did not have any effect on AQP2 routing. Altogether, the study described in
chapter 2 indicates that phosphorylation occurs only at S256, which is necessary
for AQP2 trafficking to the apical membrane, and that the Ser/Thr in the other
putative PKC or CKII sites are not involved in AQP2 sorting.
Although it has been well established that the induction of the cAMP pathway by
AVP, cAMP or forskolin is needed to accomplish the re-distribution of AQP2 from
storage vesicles to the apical membrane, which coincides with an increased level of
phosphorylation at S256, there is still much debate about which kinase directly
phosphorylates AQP2 at this position. Even though an increase of cAMP leads to
PKA activation and a cAMP-dependent PKA consensus sequence is present in
AQP2, which is indeed phosphorylated, other possibilities are conceivable. As
cytosolic calcium and active calmodulin seem to be required for AVP-induced
AQP2 translocation to the plasma membrane in primary collecting duct cells (4),
this suggests that AQP2 might also be phosphorylated by the calcium-sensitive
calmodulin kinase II (CaMKII), which consensus site ((R-X-X-X-S/T-X;(2)) also
fits the S256 region. Moreover, the amino acids adjacent to S256 are also conform
the consensus for cGMP-dependent protein kinase G (PKG; (R/K)2-3-X-S/T-X; (2))
and Bouley et al. recently reported that nitric oxide and atrial natriuretic factor
stimulate cGMP-dependent plasma membrane insertion of AQP2 in kidney slices
and cultured LLCPK|-AQP2 cells (3).
The issue of which kinases are involved in AQP2 sorting was further addressed in
chapter 3, in which two novel mutations in dominant NDI (AQP2-R254L and
AQP2-R254Q) are described that both destroy the putative PKA and PKG
consensus but leave the putative CaMKII consensus intact. Data obtained from
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expression studies of these mutants in MDCK. cells showed a basal
phosphorylation level that was not elevated upon forskolin stimulation, whereas the
phosphorylation level of wt-AQP2 was increased significantly. This indicated that,
as its consensus site is still intact, CaMKII can be excluded as the mediator for
forskolin-induced phosphorylation of AQP2, though it is a likely candidate for
generating a basal phosphorylation of AQP2, although we cannot exclude other
kinases. In addition to several cellular studies, which revealed that A Kinase
Anchoring Protein (AKAP)-mediated recruitment of PKA to intracellular AQP2
vesicles are needed for the AVP-induced translocation of AQP2 (12;13), also our
data suggest that forskolin-induced phosphorylation of wt-AQP2 is most likely
mediated via PKA. Furthermore, a Golgi-kinase has been proposed to be involved
in AQP2 transport from the Golgi (24). However, our data do not reveal any
indication for the involvement of such a Golgi-kinase in AQP2 sorting, since colocalization studies using antibodies that recognize the different Golgi stacks, did
not reveal any co-localization with an AQP2 mutant protein mimicking its
phosphorylated or non-phosphorylated state, nor with an AQP2 protein in which
the PKA consensus is destroyed, indicating that (de-) phosphorylation of S256 is
not needed to exit the Golgi. Therefore, this Golgi-kinase seems not to be involved
in AQP2 sorting. Although phosphorylation of AQP2 at S256 is crucial for its
sorting to the apical plasma membrane, it is considered not to be sufficient. Next to
phosphorylation, several other events, including cytoskeleton rearrangements and
the presence of cytosolic calcium, have been shown to be vital for proper AQP2
trafficking (4; 13; 16;31).
Missorting of AQP2 tetramers in recessive and dominant nephrogenic
diabetes insipidus
Nephrogenic diabetes insipidus is a renal disorder characterized by the kidney's
inability to respond to the antidiuretic hormone, arginine vasopressin. As a
consequence, its concentrating ability is decreased and large amounts of hypotonic
urine are produced, causing severe dehydration and electrolyte imbalance in
patients. In chapter 4 we described the analysis of two new families with a
recessive form of NDI, which revealed for both patients a compound heterozygous
haplotype, encoding AQP2-P262L/AQP2-A190T and AQP2-P262L/AQP2-R187C,
respectively. However, in contrast to AQP2-A190T and AQP2-R187C, which are
located between the first and sixth transmembrane domain, AQP2-P262L is located
in the carboxy terminal tail of the AQP2 protein. Whereas all other mutants in
recessive NDI are retained in the ER, AQP2-P262L is sorted to intracellular
vesicles and the basolateral plasma membrane. This missorting is caused by the
introduction of a leucine, rather than the lack of the proline, as substitution of the
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proline into an alanine induces sorting similar to wt-AQP2. Interestingly, an
additional band of 30-31 kD was observed, which was enriched in the plasma
membrane fraction of oocytes. Although it was ruled out that this slower migration
of AQP2-P262L was due to N-glycosylation, the precise nature of the (putative)
modification remains to be established. It is possible that this posttranslational
modification might be the cause for the missorting of the protein to the basolateral
membrane. Another explanation is that the introduction of the leucine generates a
di-leucine like motif, which has been described to be a basolateral targeting signal
in polarized epithelial cells (14;19;29). Recently, even single leucines have been
described to act as basolateral sorting signals for the stem cell factor and for a
frame shift mutation in AQP2 causing dominant NDI (8;34). Still, the exact motif
that originates basolateral sorting of the AQP2-P262L protein remains to be
established.
Analysis of several AQP2 mutants that cause the autosomal dominant form of NDI
revealed that heteroligomerisation and missorting of the wt-AQP2/mutant
complexes, due to missorting of the AQP2 mutants, is likely to be the common
cellular mechanism in dominant NDI (8). The missorting of all these mutants is
thought to be due to (introduced) 'gain of function' mutations, which as a result
initiate targeting to an incorrect localization. The two novel mutations (AQP2R254L and AQP2-R254Q) we describe in chapter 3 appear to be the first 'loss of
function' mutations in dominant NDI. The inability of AVP/forskolin to increase
phosphorylation of S256 in AQP2-R254L and AQP2-R254Q seems to be the
molecular cause of dominant NDI in these families. Therefore, lack of appropriate
regulation rather than missorting of wt-AQP2/mutant heteroligomers generates
dominant NDI in these patients. In addition, the partial co-localization of these
mutants and wt-AQP2 with the early endosome antigen 1 protein provides
evidence that endosomes are involved in AQP2 recycling. As has been illustrated
in chapter 4, resolving the subcellular localization of mutant proteins may provide
information on the underlying mechanisms involved in protein targeting. Although
previous studies on AQP2-E258K revealed its subcellular localization (20) and the
mechanism causing dominant NDI (10), these studies were done in Xenopus
oocytes, in which the subcellular compartments are not well defined. In chapter 5
we describe results that demonstrated a different subcellular localization of AQP2E258K in polarized MDCK, which has led to new ideas concerning the molecular
mechanism that generates dominant NDI is this family. Our data reveal that, in
MDCK cells, AQP2-E258K is missorted to late endosomes/lysosomes and that it is
mono-ubiquitinated. Since mono-ubiquitination has been described as an
internalization signal (27) this provides a possible mechanism for missorting of
AQP2-E258K and its observed dominant phenotype. However, due to the difficulty
to detect surface AQP2, it is at present unclear whether AQP2-E258K is targeted to
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endosomes and late endosomes/lysosomes via the plasma membrane or directly
from the Golgi. This issue remains to be established in future experiments.
Recently, it was reported that AQPl is poly-ubiquitinated, which targets it for
proteasomal degradation (15). However, it has not been established whether
ubiquitination plays a role in the regulation of cell surface expression of AQPl, but
since AQPl is constitutively expressed at the plasma membrane it is very likely
that AQPl and AQP2 have different sorting mechanisms.
Future perspectives
The aim of this thesis was to study the regulation and sorting mechanisms of wildtype and mutant AQP2 proteins, the latter causing nephrogenic diabetes insipidus.
Although the studies described in this thesis unravel only a small part of the
complex mechanisms underlying AQP2 (mis-) sorting, by now it has been firmly
established that phosphorylation, most likely via PKA, plays a major role in
targeting AQP2 to the apical plasma membrane. In addition, some targeting motifs
have become known for mutant AQP2 proteins. However, little is known about
intrinsic signaling motifs in wt-AQP2 and the exact cellular compartments in
which AQP2 resides in its transport towards the plasma membrane and in its
endocytic pathway. Nevertheless, the endosomal system appears to be involved in
AQP2 transport as AQP2 seems to be localized at least partially in early
endosomes (30) and late endosomes/lysosomes. Moreover, AQP2 co-localizes with
SNAP-25 associated Hrs-2 (28), which has been localized in the limiting
membrane of late endosomes and which recruits the multisubunit ESCRT
complexes to microdomains in endosomes and regulates sorting into MVBs
(25;26). Since Hrs binds to the epsl5 protein (1), which contains an Ubiquitin
Interacting Motif (UIM) it can be speculated that ubiquitination might play a role
in AQP2 endocytosis. The precise role, however, needs to be further explored.
Furthermore, despite joint efforts to fully uncover the shuttling mechanism of
AQP2, a storage compartment from which AQP2 recycles to the membrane still
has to be defined. Ultimately, all these endeavors to acquire a better comprehension
of the molecular details of AQP2 trafficking might give rise to specific
pharmacological agents that will improve the treatment of particular NDI patients.
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Water is of major importance in life since most biochemical reactions in cells occur
in an aqueous environment. This is reflected in the fact that animals can survive
longer without food than water. Moreover, in humans about 60% of the
bodyweight is water and maintaining a proper water and ion balance is vital in
surviving. Previously, water transport across cell membranes was considered to be
entirely dependent on diffusion, although this did not explain the fast water flow
across specialized epithelial cells in for example kidney, lung, gastro-intestinal
tract and glands. This view radically changed in 1991 with the discovery of
molecular water channels or aquaporins (AQPs), which appeared to regulate and
facilitate water molecule transport through cell membranes. Since then, at least 10
mammalian aquaporins have been identified and more than 200 other family
members have been found in insects, microbes and plants, indicating the
importance of aquaporins in nature. All aquaporins are small intrinsic membrane
proteins, with a predicted monomer size ranging from 26-34 kDa that have six
transmembrane domains, connected by five loops (A through E), and NH2- and
COOH-termini that are cytoplasmically located. Sequence alignments of
aquaporins show a highly conserved asp-pro-ala (NPA) motif in loops Β and E,
which fold back into the membrane to form the actual water pore. Although
aquaporins form tetrameric complexes, each single subunit is able to form an
aqueous pore and transport water, which is facilitated by the osmotic difference
between both sides of the lipid bilayers.
The kidney is one of the main organs involved in the maintenance of the salt and
water homeostasis. It produces about 180 liters of glomerular filtrate, which is for
the most part reabsorbed by aquaporin-1 (AQP1) and aquaporin-2 (AQP2). About
90% is constitutively reabsorbed by AQP1 in the proximal tubules and thin
descending limbs of Henle, where AQP1 is present in the apical and basolateral
membrane. The remaining volume is reabsorbed via AQP2 in collecting ducts
across the principal cells, under strict control of vasopressin (AVP). Upon
dehydration or hypovolemia, AVP is released from the pituitary gland into the
bloodstream and transported to the kidney collecting duct cells, where it binds to its
G-protein coupled vasopressin receptor (V2R), triggering a signaling cascade that
results in phosphorylation of AQP2 at Ser 256 via protein kinase A (PKA) and
eventually in insertion of intracellular vesicles containing phosphorylated AQP2
into the apical (luminal) plasma membrane, thus rendering these cells water
permeable. Next, the osmotic gradient over the cells gives rise to a water influx that
can subsequently exit the cells into the interstitial fluid via AQP3 and AQP4, both
present at the basolateral membrane, and this finally results in concentrated urine.
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Upon fluid intake, AVP levels in the blood decrease, AQP2 is endocytosed back
into intracellular vesicles and consequently water reabsorption is terminated.
Although phosphorylation was one of the early recognized features important in
AQP2 sorting, it was still unclear whether this phosphorylation is essential and/or
sufficient for AQP2 translocation to the apical plasma membrane. Furthermore,
four putative phosphorylation sites, besides the PKA phosphorylation site at S256,
can be found in AQP2. To determine the role of these sites in the trafficking of
human AQP2, three putative casein kinase II (S148, S229, T244), one protein
kinase C (PKC) (S23I), and the PKA (S256) site were altered to mimic a
constitutively non-phosphorylated/phosphorylated state and were expressed in
polarized Madin-Darby canine kidney (MDCK) cells as described in chapter 2.
The immunocytochemical and apical surface biotinylation experiments showed that
only the phosphorylation state of the PKA site at S256 plays a role in the
intracellular sorting of AQP2. When this serine was mutated to an alanine (AQP2S256A), simulating the non-phosphorylated state, AQP2 resides in intracellular
vesicles even in the stimulated situation. Conversely, when simulating the
phosphorylated state by mutating S256 to an aspartic acid (AQP2-S256D), AQP2
was present in the apical membrane, with or without stimulation. This suggests that
only phosphorylation at S256 is necessary and sufficient for AQP2 trafficking to
the apical membrane. In addition, the obtained data revealed that after stimulation
of PKCs with phorbol-12-myristate-13-acetate (PMA), AQP2-S256D was targeted
to intracellular vesicles while its phosphorylation level remained unchanged.
Even though an increase of cAMP leads to PKA activation and a putative cAMPdependent PKA consensus sequence is present in AQP2, which is indeed
phosphorylated, other possibilities than phosphorylation by PKA are conceivable,
since the same sequence region in AQP2 also is a putative PKG and CaMKII
phosphorylation consensus site. In chapter 3, two novel mutations in dominant
NDI (AQP2-R254L and AQP2-R254Q) are described that both destroy the putative
PKA and PKG consensus sites but leave the putative CaMKII consensus intact.
Expressed in oocytes, both mutants appeared functional water channels, but were
impaired in their transport to the cell surface. This was also shown in polarized
MDCK cells, where they displayed a distribution pattern similar to that of
unstimulated wt-AQP2 or AQP2-S256A. Upon co-expression, both mutants
interacted with and retained wt-AQP2 in intracellular vesicles. Data obtained from
expression studies of these mutants in MDCK cells showed a basal
phosphorylation level that was not elevated upon forskolin stimulation, whereas the
phosphorylation level of wt-AQP2 was increased. This indicated that, as its
consensus site is still intact, CaMKII can be excluded as the mediator for forskolin129
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induced phosphorylation of AQP2, though it is a likely candidate for generating a
basal phosphorylation of AQP2, although we cannot exclude other kinases.
Nephrogenic diabetes Insipidus (NDI) is a disease in which the kidney is unable to
concentrate urine in response to vasopressin, which is caused by mutations either in
the vasopressin V2-receptor or in the AQP2 gene. AQP2 missense mutations
encoding dominant NDI are located in the carboxy terminal tail whereas mutations
leading to recessive NDI are all found in between the first and sixth transmembrane
domain. Chapter 4 describes the analysis of two new families with a recessive
form of NDI in which both patients were compound heterozygotes, encoding
AQP2-P262L/AQP2-A190T and AQP2-P262L/AQP2-R187C, respectively. In
contrast to AQP2-A190T and AQP2-R187C, of which the mutations are in the Eloop, the P262L mutation is located in the carboxy terminal tail of the AQP2
protein. Experiments in oocytes revealed that AQP2-A190T and AQP2-R187C are
retained within the cell and showed no significant water permeability, whereas
AQP2-P262L is localized in the plasma membrane and gave a water permeability
similar to wild-type AQP2. However, when expressed in MDCK cells, AQP2P262L predominantly localized to intracellular vesicles and basolateral membrane.
Co-expression with wt-AQP2 in these cells revealed that heteroligomers of wtAQP2 and AQP2-P262L are directed to the apical plasma membrane and no
dominant negative effect was observed. These data show for the first time an AQP2
mutation that is located in the carboxy terminal tail leading to recessive, instead of
dominant NDI.
Previously, it was shown that the AQP2-E258K mutation causes dominant NDI,
but the molecular mechanism was still unknown. Chapter 5 describes the analysis
of this mutant in MDCK cells, where AQP2-E258K. was completely localized in
late endosomes (LE)/ lysosomes (Lys). Upon co-expression, wt-AQP2
heteroligomerized with AQP2-E258K. and was transported to LE/Lys, independent
of forskolin stimulation, whereas wt-AQP2 alone translocated from vesicles to the
apical membrane, which demonstrated the dominant effect of the mutation. Other
experiments showed that besides the typical 29-kDa signal, AQP2-E258K was
expressed as a 38-kDa protein. Since this mass increase is compatible with the
addition of a single ubiquitin molecule, we tested whether this signal was monoubiquitinated AQP2-E258K, which indeed was confirmed. Because monoubiquitination has been reported to induce endocytosis of membrane proteins and
their subsequent targeting to LE/Lys, mono-ubiquitination of AQP2-E258K
resulting in an increased endocytosis and LE/Lys targeting of wt-AQP2/AQP2E258K complexes likely explains dominant NDI in these patients.
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Water is van groot belang in het leven omdat de meeste biochemische reacties in
cellen in een waterig milieu plaatsvinden. Dit wordt weerspiegeld in het feit dat
dieren langer zonder voedsel dan zonder water kunnen leven. Bovendien bestaat de
mens voor ongeveer 60% uit water en het in stand houden van een juiste water en
ion balans is noodzakelijk om te overleven. Voorheen werd algemeen aangenomen
dat water transport door celmembranen geheel afhankelijk was van diffusie,
hoewel dit niet het snelle water transport door de speciale epitheellagen van
bijvoorbeeld de nier, longen, maagdarmkanaal en klieren kon verklaren. In 1991
veranderde deze visie ingrijpend met de ontdekking van de moleculaire
waterkanalen ook wel aquaporines (AQPs) genaamd, die het transport van
watermoleculen door celmembranen mogelijk bleken te maken en te regelen.
Sindsdien zijn minstens 10 zoogdier aquaporines ontdekt en meer dan 200 andere
familieleden gevonden in insecten, microben en planten, hetgeen het grote belang
van aquaporines in de natuur reflecteert. Alle aquaporines zijn kleine intrinsieke
membraaneiwitten met een verwachte monomeer grootte van 26-34 kDa, met zes
transmembraan domeinen, verbonden door 5 loops (A t/m E), en N- en C-staarten
die intracellulair aanwezig zijn. Sequentie vergelijkingen van aquaporines laten een
sterk geconserveerd asp-pro-ala (NPA) motief zien in de loops Β en E. Deze loops
vouwen weer terug in de membraan en vormen zo een deel van de eigenlijke
waterporie. Alhoewel aquaporines tetrameren vormen, vormt elke afzonderlijke
subunit een waterporie waardoor watertransport plaats vindt op basis van een
osmotisch drukverschil.
De nier is één van de belangrijkste organen betrokken bij de handhaving van de
zout- en waterhuishouding. Er wordt ongeveer 180 liter glomerulair Altraat
gevormd dat voor het grootste gedeelte terug opgenomen wordt via aquaporine-l
(AQP1) en aquaporine-2 (AQP2). Ongeveer 90% wordt voortdurend
gereabsorbeerd door AQP1 in de proximale tubuli en het dalende deel van de
lussen van Henle, alwaar dit kanaal aanwezig is in de apicale en basolaterale
membraan. Het resterend volume wordt gereabsorbeerd door AQP2 in de
hoofdcellen van de verzamelbuis onder strikte controle van het antidiuretisch
hormoon Vasopressine (AVP). Door uitdroging of volumetekort wordt AVP door
de hypofyse afgegeven aan het bloed en getransporteerd naar de
verzamelbuiscellen in de nier. Hier bindt het hormoon aan zijn G-eiwit gekoppelde
V2 receptor. Dit veroorzaakt een signaal cascade die via proteine kinase A (PKA)
de fosforylatie van AQP2 op Ser256 tot gevolg heeft en tenslotte leidt tot de
versmelting van intracellulaire vesicles, die gefosforyleerde AQP2 eiwitten
bevatten, met de apicale (luminale) plasmamembraan en zodoende worden de
cellen waterdoorlatend. Vervolgens veroorzaakt de hoge osmotische waarde in het
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niermerg een waterinflux via AQP2 en een waterefflux via AQP3 en AQP4, beide
aanwezig in de basolaterale membraan. Dit leidt tenslotte tot een concentrering van
de urine. Wanneer water gedronken wordt, worden de AVP niveaus in het bloed
verlaagd, AQP2 terug geplaatst in intracellulaire vesicles en vervolgens wordt de
water reabsorptie beëindigd.
Hoewel fosforylatie al vroeg herkend werd als één van belangrijkste kenmerken
voor het transport van AQP2 was het nog steeds niet duidelijk of deze fosforylatie
essentieel en/of voldoende is voor de translocatie van AQP2 naar de apicale
plasmamembraan. Bovendien bestaan er in AQP2 naast de mogelijke PKA
fosforylatie plaats op Ser256 nog vier andere mogelijke fosforylatie plaatsen. Om
de rol van deze plaatsen in het transport van het humane AQP2 te bepalen werden
drie mogelijk fosforylatie plaatsen voor casein kinase II (S 148, S229, T244), één
voor proteine kinase C (PK.C) (S231) en die voor PKA (S256) zo veranderd dat ze
respectievelijk de ongefosforyleerde of de gefosforyleerde vorm van die bepaalde
plaats nabootsen. Daarna werden ze tot expressie gebracht in gepolariseerde
Madin-Darby canine kidney (MDCK) cellen zoals beschreven in hoofdstuk 2. De
experimenten met behulp van immunocytochemie en biotinylering van eiwitten op
het apicale celoppervlak lieten zien dat alleen de fosforyleringstoestand van de
PKA fosforylatie plaats S256 een rol speelt in het intracellulaire transport van
AQP2. Wanneer deze serine op plaats 256 werd gemuteerd naar een alanine
(AQP2-S256A), daarmee zijn ongefosforyleerde vorm nabootsend, was AQP2 in
intracellulaire vesicles gelocaliseerd, zelfs in de gestimuleerde toestand.
Omgekeerd, wanneer de gefosforyleerde vorm werd gesimuleerd door de serine te
muteren naar een asparaginezuur (AQP2-S256D), was AQP2 altijd aanwezig in de
apicale membraan, zowel met als zonder stimulatie. Bovendien toonden de
verkregen data aan dat na stimulatie van PKCs met phorbol-12-myristate-13acetate (PMA), AQP2-S256D naar intracellulaire vesicles getransporteerd werd
terwijl zijn fosforylatie niveau niet was veranderd. Dit betekent dat alleen
fosforylatie van de serine op positie 256 nodig en voldoende is voor het transport
van AQP2 naar de apicale membraan.
Zelfs al leidt een verhoging van cAMP tot PKA activatie en is er een mogelijke
cAMP-afhankelijke PKA consensus sequentie aanwezig in AQP2, die inderdaad
gefosforyleerd wordt, zelfs dan zijn er andere mogelijkheden denkbaar dan
fosforylatie door PKA, omdat dezelfde sequentie regio in AQP2 ook theoretisch
een PKG en CaMKII fosforylatie plaats bevat. In hoofdstuk 3 worden twee
nieuwe mutaties (AQP2-R254L and AQP2-R254Q) beschreven die dominante NDI
veroorzaken en die beide de mogelijke PKA en PKG consensus vernielen maar de
mogelijke CaMKII consensus intact laten. Na expressie in oöcyten bleken de
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mutanten functionele waterkanalen te zijn, maar beide werden belemmerd in hun
transport naar het celoppervlak van MDCK cellen, waar de mutanten een
localisatie verdeling lieten zien die hetzelfde was als ongestimuleerde wt-AQP2 of
AQP2-S256A. Indien ze tegelijkertijd met wt-AQP2 tot expressie werden gebracht,
gingen beide een interactie aan met wt-AQP2, wat een retentie in intracellulaire
vesicles van wt-AQP2 tot gevolg had. Gegevens die verkregen werden uit
expressie studies van deze mutanten in MDCK cellen toonden een basaal
fosforylatie niveau aan dat niet verhoogd werd na forskoline stimulatie, terwijl het
fosforylatie niveau van wt-AQP2 wel significant toegenomen was. Dit betekent
dat, aangezien de consensus sequentie nog steeds aanwezig is, CaMKII uitgesloten
kan worden als de kinase die zorgt voor de forskoline-geïnduceerde fosforylatie
van AQP2, hoewel het een potentiële gegadigde is voor het ontstaan van de basale
fosforylatie van AQP2, ofschoon we andere kinases niet kunnen uitsluiten.
Nefrogene diabetes insipidus (ΝDI) is een ziekte die veroorzaakt wordt door
mutaties in zowel het gen voor de Vasopressine V2-receptor als voor AQP2,
waarbij de nier niet in staat is om urine te concentreren in reactie op Vasopressine
afgifte. AQP2 mutaties die een dominante overerving van NDI veroorzaken zijn
gelocaliseerd in de C-terminale staart, terwijl mutaties die leiden tot een recessieve
overerving van NDI zich bevinden tussen het eerste en laatste transmembraan
domein. Hoofdstuk 4 beschrijft de analyse van de mutaties in twee recent ontdekte
families met een recessieve vorm van NDI waarbij beide patiënten een
samengesteld heterozygoot haplotype hadden met mutaties in allebei de allelen,
namelijk AQP2-P262L/AQP2-A190T and AQP2-P262L/AQP2-R187C. In
tegenstelling tot AQP2-A190T en AQP2-R187C die beide aanwezig zijn in de Eloop, is AQP2-P262L gelocaliseerd in de C-terminale staart van het AQP2 eiwit.
Experimenten in oöcyten toonden aan dat AQP2-A190T en AQP2-R187C in de cel
tegengehouden werden en geen significante waterpermeabiliteit hadden.
Daarentegen is AQP2-P262L aanwezig op de plasmamembraan en had een
waterpermeabiliteit gelijk aan wt-AQP2. Echter, AQP2-P262L is voornamelijk
aanwezig in de basolaterale membrane indien het eiwit in MDCK cellen tot
expressie gebracht wordt. Co-expressie in deze cellen liet zien dat heterooligomeren van wt-AQP2 en AQP2-P262L naar de apicale plasmamembraan
getransporteerd werden en er werd geen dominant negatief effect waargenomen.
Deze resultaten tonen voor het eerst een AQP2 mutatie die aanwezig is in de Cterminale staart en die recessieve in plaats van dominante NDI tot gevolg heeft.
Al eerder werd aangetoond dat de AQP2-E258K mutatie dominante NDI
veroorzaakt, maar het moleculaire mechanisme erachter was nog steeds onbekend.
Hoofdstuk 5 beschrijft de analyse van deze mutatie in MDCK cellen, waarin
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AQP2-E258K compleet aanwezig was in late endosomen (LE) / lysosomen (Lys).
Na co-expressie vormde wt-AQP2 hetero-oligomeren met AQP2-E258K die
werden getransporteerd naar LE/Lys onafhankelijk van forkoline stimulatie, terwijl
wt-AQP2 alleen vanuit vesicles naar de apicale membraan gezonden werd, wat het
dominante effect van deze mutatie duidelijk maakt. Andere experimenten lieten
voor AQP2-E258K naast het normale 29-kDa signaal een extra signaal zien van
ongeveer 38-kDa. Daar deze toename in massa verenigbaar is met de toevoeging
van een enkel ubiquitine molecule, werd getest of dit signaal afkomstig was van
mono-ubiquitine gekoppeld AQP2-E258K, wat inderdaad bevestigd werd.
Aangezien bekend is dat mono-ubiquitine endocytose van membraaneiwitten kan
teweegbrengen en vervolgens hun transport naar LE/Lys veroorzaakt, is het
aannemelijk dat mono-ubiquitinering van AQP2-E258K leidt tot een verhoogde
endocytose en LE/Lys transport van wt-AQP2/AQP2-E258K en dat dit proces de
dominante NDI verklaart in deze patiënten.
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