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Abstract

Purpose of review—This review highlights the role of phosphorylation in the trafficking and
targeting of aquaporin 2. Current knowledge will be put into the context of modulating the cell
surface expression of aquaporin 2 by vasopressin in renal epithelial cells, which is critical for
regulation of urinary concentration and control of fluid and electrolyte homeostasis.

Recent findings—In addition to previously identified phosphorylation sites on aquaporin 2,
new data have revealed three other serine residues in the C-terminus whose phosphorylation is
altered by vasopressin. Several steps in aquaporin 2 recycling, including exocytosis and
endocytosis, are coordinated by phosphorylation and dephosphorylation to regulate cell surface
accumulation. Aquaporin 2 phosphorylation on serine 256 regulates aquaporin 2 association with
proteins that are involved in trafficking, including hsc/hsp70 and myelin and lymphocyte-
associated protein.

Summary—Aquaporin 2 trafficking is regulated by phosphorylation of serine 256 and other
amino acid residues in its cytoplasmic domain. These events increase or decrease interaction of
aquaporin 2 with key regulatory proteins to determine the cellular distribution and fate of
aquaporin 2, both after vasopressin addition and under baseline conditions. Better understanding
of these mechanisms may provide new therapeutic avenues for patients with X-linked nephrogenic
diabetes insipidus, as well as providing basic cell biological information relevant to membrane
trafficking processes in general.
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Introduction

Aguaporin 2 (AQP2) contains many putative kinase recognition sequences, which are
presented in Table 1. The presence of these actual or theoretical targets of different kinases
including protein kinase A (PKA), protein kinase G (PKG), casein kinase Il, mitogen
activated protein (MAP) kinases, glycogen synthase kinase 3 (GSK-3) and protein kinase C
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(PKC) suggests a complex role for reversible phosphorylation in modulating the cell surface
accumulation and intracellular distribution of AQP2. Phosphorylation of AQP2 on serine
residues, including S256, S264 and S269, is increased by vasopressin stimulation, while
phosphorylation of S261 is decreased. Phosphorylation of S256 regulates the interaction of
AQP2 with key ‘trafficking’ proteins, resulting in an increased rate of exocytosis and an
inhibition of endocytosis as summarized in Fig. 1.

Phosphorylation and aquaporin 2 trafficking: general considerations

The function and distribution of a host of cellular proteins, including membrane channels,
transporters and receptors, is modified by reversible phosphorylation. As for many of these
phospho-proteins, dissecting the functional effects of AQP2 phosphorylation is complicated
by the presence of a large number of putative and actual phosphorylation sites on AQP2
(Table 1). These sites could be phosphorylated by a variety of kinases, including PKA,

PKG, PKC, casein kinase Il and ERK [1-4], and they are dephosphorylated by several
phosphatases that are expressed in renal epithelial cells [5-7]. The presence of these actual
or theoretical kinase targets suggests a complex role for reversible phosphorylation in
modulating the cell surface accumulation and intracellular distribution of AQP2.
Understanding the role of AQP2 phosphorylation/dephosphorylation is also rendered more
complex by data showing that, as predicted by an early, preaquaporin, modeling paper by
Knepper and Nielsen [8], modulation of both the exocytotic and endocytotic pathways
involved in AQP2 recycling can affect its cell surface accumulation (Fig. 1). AQP2 recycles
constitutively between an intracellular vesicular pool and the cell surface in the absence of
vasopressin, and without phosphorylation [9]. Membrane accumulation of AQP2 (even in its
nonphosphorylated state) can be induced by inhibiting clathrin-mediated endocytosis [9-11].
Furthermore, actin depolymerization is sufficient to cause membrane accumulation of AQP2
[12], via the involvement of actin-associated proteins including myosin Vb [13¢] and ERM
proteins [15], although whether exocytosis or endocytosis is modified under these conditions
remains unknown and needs to be addressed in future studies. The Sasaki group have also
proposed that a multiprotein motor complex regulates AQP2 trafficking [15, 16, 17¢]. The
involvement of both SPA-1/Rap1 and RhoA/RhoGAP activity must now be considered
along with many other potential interactions when modeling the complexities of upstream
signaling cascades.

While phosphatases must play an important role in AQP?2 trafficking, and specific anchoring
proteins are also required to bring some kinases close to their site of action [20-23], we will
focus our attention here on kinase activity, protein interactions, and AQP2 membrane
accumulation.

Role of S256 phosphorylation in aquaporin 2 trafficking

Vasopressin is the major antidiuretic hormone involved in the regulation of water
reabsorption by the mammalian kidney. VVasopressin causes the steady state distribution of
the AQP2 water channel to shift from cytoplasmic vesicles to the plasma membrane of
collecting duct principal cells [24-26]. This translocation occurs in parallel with the
vasopressin-stimulated phosphorylation of S256 on the cytoplasmic C-terminus of AQP2
that occurs upon cAMP elevation and PKA activation. The importance of this event was first
shown in vitro[27, 28], and subsequently /n vivo[29]. Preventing dephosphorylation of
AQP2 with okadeic acid increases cell surface accumulation of AQP2 [5], while a
constitutively ‘phosphorylated” S256D AQP2 mutation accumulates at the plasma
membrane even in the absence of vasopressin [3].

S256 lies within a canonical PKA phosphorylation motif (RRxS), but is also predicted to be
part of other phosphorylation motifs (see Table 1). In support of this, we were able to show
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in vitrothat S256 is phosphorylated by PKG [1, 30] and Brunati et a/. [2] produced similar
results for casein kinase Il. Therefore, the physiological role of S256 phosphorylation by
multiple kinases requires further investigation.

Perhaps surprisingly, S256 phosphorylation is not required for AQP2 membrane insertion,
which occurs through a constitutive exocytosis pathway even when the S256 site is mutated
to an alanine residue [9]. An S256A point mutation does not prevent the rapid membrane
accumulation of AQP2 when endocytosis is inhibited either by expression of dominant
negative (K44A) dynamin [10], or by treatment of cells with methyl-p-cyclodextrin
(MBCD) [9, 11], which depletes membrane cholesterol and inhibits endocytosis. This
indicates that even the nonphosphorylated form of AQP2 is constitutively and rapidly
recycling through the plasma membrane, and that blockade of the retrieval pathway is
sufficient to cause membrane accumulation, within 10 min in the case of MBCD treatment.

While S256 phosphorylation is required for the vasopressin-induced cell surface
accumulation of AQP2, dephosphorylation of AQP2 may not be absolutely necessary for its
re-internalization. Prostaglandin E2 and dopamine stimulate removal of AQP2 from the cell
surface when added after vasopressin or forskolin treatment, but do not seem to alter the
phosphorylated state of AQP2 [31]. These data imply that forskolin or vasopressin-induced
phosphorylation of as yet unidentified cellular components is required for the PGE2 and
dopamine effects on endocytosis. In support of this, it was shown that PKC-mediated
endocytosis of AQP2 can also occur with no apparently detectable change in the S256
phosphorylation state of AQP2 [3]. While the PKC site on AQP2 was proposed to be S231
in the latter study, no direct studies have, to our knowledge, shown directly that this site is
indeed phosphorylated by PKC and the involvement of this kinase may, therefore, be
indirect or at another site (see below).

While S256 dephosphorylation may not be essential for internalization, however, it may
affect the kinetics of AQP2 endocytosis. In addition, consideration must be given to the state
of AQP2 within specific membrane microdomains and trafficking vesicles. An earlier study
by Deen et al. [32] concluded that S256 phosphorylation of three out of four monomers
within the AQP2 tetramer is required for AQP2 steady state membrane localization in
Xenopus oocyte plasma membranes. This statistical value may not, however, apply to all
tetramers within a given vesicle or membrane microdomain. It is also possible that the
exocytotic and endocytotic pathways may have different ‘phosphorylation’ requirements for
their modulation. For example, totally unphosphorylated tetramers might be trafficked to the
cell surface after vasopressin treatment if other tetramers in the same vesicle have an
‘appropriate’ level of phosphorylation to interact with the trafficking machinery. Once at the
cell surface, however, AQP2 tetramers may behave as independent entities with regard to
engaging the endocytotic complex.

Phosphorylation modulates aquaporin 2 interaction with ‘endocytotic’

machinery proteins

It is well known that clathrin-mediated endocytosis involves several interacting proteins
(including hsc70, clathrin, endophilin, RMEL, dynamin, amphiphysin, synaptojanin 1,
epsins, AP2), in addition to cytoskeletal proteins [33, 34]. The endocytotic complex can be
regulated by reversible phosphorylation of many of the components involved in coated pit
formation and fission including amphiphysins, dynamin and synaptojanin [35-38]. One key
member of the endocytotic protein complex is heat shock protein 70 (hsp70) or its cognate
protein hsc70. This protein is critically involved in the clathrin-mediated internalization
pathway [39], which is responsible for AQP2 internalization [10]. Having demonstrated that
AQP2 is present in ‘endocytosis-resistant” membrane domains after vasopressin treatment
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[40], we went on to show that AQP?2 interacts with hsc/hsp70 both /n vitro and in vivo, and
that this interaction is greatly reduced by phosphorylation of AQP2 at residue S256 [39e¢].
Functionally, AQP2 membrane accumulation was increased in cells expressing a dominant
negative mutation of hsc70, because of a decrease in clathrin-mediated endocytosis.
Interestingly, interaction of the GABA receptor with the AP2 adaptor complex is also
negatively regulated by tyrosine phosphorylation of GABA to increase cell surface
accumulation of the receptor [42].

Other protein interactions are also involved in modification of AQP2 membrane
accumulation. The myelin and lymphocyte-associated protein (MAL), is an AQP2
interacting protein that enhances AQP2 cell surface expression by reducing AQP2
internalization [41ee]. It remains unclear, however, whether this effect is due to AQP2
phosphorylation at S256 itself, since while MAL was shown to associate less with AQP2
S256A, the association of MAL with both WT-AQP2 and S256D-AQP2 was identical in co-
immunoprecipitation experiments.

Modulation of the exocytotic pathway of aquaporin 2

While most in the AQP2 field agree that the literature points to an increase in exocytosis
induced by vasopressin as proposed in the original ‘shuttle hypothesis’ of vasopressin action
[44], much of the evidence does not clearly distinguish between endocytotic and exocytotic
mechanisms of AQP2 membrane accumulation as originally proposed by Knepper and
Nielsen [8]. With this in mind, we developed a novel fluorescence-based assay that relies on
expression of secreted soluble YFP (ssYFP) that passively labels biosynthetic/post-Golgi
vesicles. Our initial data indeed confirm that AQP2 exocytosis is increased upon vasopressin
stimulation [45]. In addition, cells treated with the PKA inhibitor H89 and cells expressing
the S256A mutation both showed a blunted exocytotic response to vasopressin using this
assay, indicating that increased AQP2 exocytosis is at least partly dependent on PKA-
dependent phosphorylation of S256.

So how does phosphorylation of AQP2 stimulate the exocytosis of AQP2 beyond the level
that already occurs via the constitutive pathway? As suggested initially by Hays and
colleagues [46], interaction with various components of the exocytotic machinery is called
for. While the presence of SNARE proteins (which are involved in membrane docking and
fusion in most if not all exocytotic events) in AQP2-containing principal cells was
demonstrated several years ago [47-50], the critical involvement of proteins of the SNARE
complex in this process has now been clearly shown [25, 51]. In addition, Munc18, a protein
that inhibits SNARE proteinmediated membrane fusion, also inhibits the vasopressin effect
on AQP2 trafficking [52] and knocking down Munc 18 levels with siRNA increases
constitutive AQP2 membrane accumulation [53]. In inner medullary collecting duct cells,
Ross et al. [50] have found, critically, that Munc18-2 complexes with both VAMP2 and
AQP2 and that this complex dissociates following stimulation with vasopressin, facilitating
SNARE-mediated exocytic insertion of AQP2 into the plasma membrane. Whether this
dissociation is a direct result of AQP2 phosphorylation remains to be determined.

Environmental tonicity influences aquaporin 2 cell surface expression

In addition to vasopressin, environmental changes also contribute to AQP2 cell surface
expression dynamics. An obvious candidate is environmental tonicity, which is extremely
variable in different regions of the kidney. Recent data from the group of Valenti [52] show
that exposure of cultured renal CD8 cells to hypotonic medium decreases AQP2 S256
phosphorylation and AQP2 expression at the cell surface. Ongoing work from our laboratory
shows that hypertonicity enhances AQP2 accumulation at the cell surface and that while this
effect depends on S256 phosphorylation, it occurs independently of a rise of intracellular
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cAMP [53]. Our data additionally show that hypertonicity increases p38, ERK1/2 and
JNK1/2 MAP kinase activity and that pharmacological inhibition of any one of these kinases
abolishes the effect of hypertonicity, but not that of vasopressin. Hypertonicity decreased
both exocytotic and endocytotic activity, indicating that AQP2 accumulation at the cell
surface results from decreased AQP2 internalization. Thus, in addition to cAMP and cGMP
pathways, extracellular tonicity plays an important role in regulating AQP2 cell surface
expression. Potential MAP kinase phosphorylation sites on AQP2 (Table 1) could be
involved in this tonicity-induced cell surface accumulation of AQP2.

Phosphorylation of aquaporin 2 on residues other than S256

In addition to PKA-stimulated phosphorylation of S256 in the AQP2 C-terminus, other
kinases are capable of phosphorylating S256, including PKG upon cGMP elevation [1, 28],
and casein kinase Il [2]. Several other sites, most located in the C-terminus, have now been
identified and the effect of vasopressin on phosphorylation status examined. These include
S261, S264 and S269. A phosphoproteomics screen of rat kidney medullary collecting ducts
initially identified these sites [4, 54¢], and their role in AQP2 trafficking is under
investigation in several laboratories. S261 phosphorylation is actually decreased by
vasopressin treatment, whereas the abundance of S264 phosphorylation is greatly increased
[55¢]. Interestingly, S264 is suggested to be a casein kinase type 1 phosphorylation site
[S(p)XXS] [58]. Using phospho-specific antibodies, the abundance of p-S264 AQP2
increased, and it appeared on the plasma membrane of collecting duct principal cells in
response to vasopressin [57¢]. A S269D mutant, mimicking phosphorylation at this site, is
constitutively located at the cell surface (much like the S256D mutation) [60]. A time course
study [60] showed that phosphorylation of S256 is the earliest detectable event, while
phosphorylation of S264 and S269 occur later, possibly even after AQP2 is already at the
cell surface. Thus, S256 phosphorylation may be required for the subsequent
phosphorylation of S264 and S269 [60]. Interestingly, both Scansite and EIm algorithms do
not predict S269 as a putative phosphorylation site. On the other hand, Hoffert et a/. [4]
suggested that S269 is within a putative PKA motif, RxS. The nature of this motif and its
cognate kinase are still unclear, therefore. Of note, S269 is located in the middle of the PDZ
binding motif GSKA through which AQP2 associates with SPA-1 [17]. It will be interesting
to determine whether S269 phosphorylation modulates this interaction.

To begin to dissect the roles of S256 and S261 phosphorylation in AQP2 trafficking, we
made a variety of single and double mutations of these residues to mimic constitutive
phosphorylation (S256D and S261D) and dephosphorylation (S256A and S261A). The
single and double serine AQP2 mutations, in all combinations, were transfected into LLC-
PK1 cells and in this way we determined that the phosphorylation state of S256 is always
dominant over that of S261 with regard to cell surface expression, both constitutive and
vasopressin-stimulated [59¢].

The roles of several other putative phosphorylation sites on AQP2 trafficking have been
investigated in the past.

Van Balkom et a/. [3] mutated several stress-induced kinase and casein kinase (CKII) motifs
([S/TIXX[D/E]): mutation of S148, S229 and T244 had no effect on cAMP-induced AQP2
membrane insertion. CKII, however, was found to phosphorylate the synthetic peptide
AQP2(251-269) at position S256 [2]. Interestingly, Procino et al. [62] reported that a
transient increase in S256 phosphorylation that was independent of PKA activity occurred
during transit through the Golgi. CKlI-dependent phosphorylation is also involved in the
trafficking of proteins through the trans-Golgi network in other systems [61], and plays a
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role in the trafficking of AQP4 toward the lysosomal compartment by phosphorylating S276
in this aquaporin [62].

In order to understand the effect of PKC inhibition on AQP?2 trafficking, Van Balkom et al.
[3] mutated S231, a suspected PKC motif phosphorylation site, to alanine. This mutation did
not affect the trafficking of AQP2. Importantly, this serine residue is not conserved in rat
and mouse. Hoffert ef al. [4] suggested that S261 is a putative PKC phosphorylation site,
but, as mentioned above, this has not been confirmed directly. Instead, we found a PKC-zeta
phosphorylation site (S216) that is conserved in AQP2 across species (Table 1), but this
serine seems to be localized within the last putative transmembrane domain and may not be
accessible to cytosolic kinases. A different membrane topology analysis, however, shows a
shorter transmembrane domain where S216 may be available for phosphorylation. Finally,
putative GSK-3 sites were identified within AQP2 (Table 1) but their role in the trafficking
or expression of AQP2 remains unknown.

Conclusion

Recent data have revealed an extensive series of phosphorylation sites for various kinases
within the AQP2 sequence. Some of these sites are substrates for more than one kinase. The
roles of these multiple sites are under current investigation in several laboratories, and their
impact on protein—protein interactions that lead to AQP2 membrane accumulation and
removal (Fig. 1) is an important research area. It is likely that different combinations and
sequential phosphorylations of these sites occur under different physiological conditions and
with different stimuli, and that together with the action of local phosphatases determines the
cellular itinerary and location of AQP2. Dissecting the functional protein interactions that
govern these processes will provide important insights that are relevant to nephrogenic
diabetes insipidus therapy in particular, and to membrane protein trafficking in general.
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Figure 1.

Aquaporin 2 recycling, including endocytosis and both constitutive and regulated
exocytosisConstitutive exocytosis occurs independently of aquaporin 2 (AQP2)
phosphorylation and involves recycling of AQP2 through a trans-Golgi or recycling
endosome compartment. AQP2 membrane accumulation can be increased simply by
inhibiting clathrin-mediated endocytosis. The regulated pathway occurs upon vasopressin
(VP) interaction with its basolateral receptor (V2R), which increases cAMP formation after
Gas stimulation of the adenylyl cyclase (AC). Protein kinase A (PKA) activation results in
AQP2 phosphorylation initially on residue S256. At some point, S261 is dephosphorylated
and S264 and S269 phosphorylation is increased. AQP2 phosphorylation can also be
increased by the cGMP/protein kinase G (PKG) pathways, upon increased activity of the
soluble guanylyl cyclase (GC) by, for example, nitric oxide (NO). Extracellular
hypertonicity activates the mitogen activated protein (MAP) kinase pathway and JNK, ERK
and p38 activities are all required for AQP2 surface accumulation after an acute hypertonic
shock. During exocytosis, AQP2 interacts with SNARE proteins and their regulatory
proteins such as Munc 18-2, and these interactions may be regulated by phosphorylation.
Once at the cell surface, phosphorylated AQP2 resides in endocytosis-resistant domains, and
its interaction with hsc70, a protein required for clathrin-mediated endocytosis, is inhibited.
AQP2 that is not phosphorylated at S256 interacts strongly with hsc70 and this may be one
of several protein—protein interactions that leads to AQP2 accumulation in clathrin-coated
pits, followed by endocytosis. The myeloid and lymphocyte-associated protein (MAL) also
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is involved in AQP2 endocytosis by an as yet unknown mechanism. Endocytosis of AQP2 is
also facilitated by protein kinase C (PKC) activation (but possibly not by direct
phosphorylation of AQP2), as well as by activation of dopamine (DA, D1) and
prostaglandin receptors (EP3, PGEy). Finally, the actin cytoskeleton is centrally involved in
AQP?2 trafficking: actin depolymerization alone results in cell surface accumulation of
AQP2.

Curr Opin Nephrol Hypertens. Author manuscript; available in PMC 2013 September 16.



1duasnuey Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Brown et al.

Predicted phosphorylation sites on aquaporin 2

Table 1

Putative phosphorylation site  Kinase Kinase family Species
N-terminus
S6 GSK-3 kinase? Acidophilic serine/threonine h,r,m,sh
S10 CIk2 kinased Basophilic serine/threonine r,m,sh
Second intracellular loop
S148 Casein kinase 20 ¢ Acidophilic serine/threonine h,r,m,sh
T159 GSK-3 kinase? Acidophilic serine/threonine h,r,m
T159 Cdk5 kinase@ Proline-dependent serine/threonine  h,
T159 Cdc2 kinase? Proline-dependent serine/threonine  h,
S/T 159 P38 MAPKE Proline-dependent serine/threonine  h,r,m
S/T *159 Erk1 kinase® 0 Proline-dependent serine/threonine  h,r,m
$163 GSK-3 Kinase® © Acidophilic serine/threonine h,r,m
C-terminus
$216 PKC-zetad /1 Basophilic serine/threonine h,r,m
$229 Casein kinase 26 ¢ Acidophilic serine/threonine h,r,m,sh
S231 pPKCE Basophilic serine/threonine h,sh
T244 Casein kinase 2% b, c Acidophilic serine/threonine h,r,m,sh
$256 Protein kinase A& b, ¢ d. € Basophilic serine/threonine h,r,m,sh
$256 Protein kinase G9 Basophilic serine/threonine h,r,m,sh
S256 Calmodulin dependent kinase oa  Basophilic serine/threonine h,r,m,sh
5256 Akt kinased Basophilic serine/threonine h,r,m,sh
$256 CIk2 kinased Basophilic serine/threonine h,r,m,sh
$256 Casein kinase 27 Acidophilic serine/threonine h,r,m,sh
$261 Cdk5 Kinase@ Proline-dependent serine/threonine  h,r,m,sh
S261 Cdc2 Kinase@ Proline-dependent serine/threonine  h,r,m,sh
$261 Erk1 kinase® 0 Proline-dependent serine/threonine  h,r,m,sh
$261 p38 kinase? Proline-dependent serine/threonine  h,r,m,sh
S264 Casein kinase 12 Acidophilic serine/threonine h,r,m,sh
S264 chd Basophilic serine/threonine h,r,m,sh
S/IT 269 Protein kinase A 22¢ Basophilic serine/threonine h,r,m,sh

Page 13

aUsing Scansite [scansite.mit.edu] algorithms, 10 of 14 cytoplasmic serine/threonine residues of aquaporin 2 (AQP2) were designated as potential

phosphorylation sites.

bEIm [elm.eu.org] algorithms, 10 of 14 cytoplasmic serine/threonine residues of aquaporin 2 (AQP2) were designated as potential phosphorylation

sites.

In addition, Van Balkom et a/. [3] proposed and investigated several putative sites by site-directed mutagenesis.
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dHoffert et al. [4] identified several AQP2 phosphorylation sites by phosphoproteomic analysis.
eKuwahara et al. showed that the AQP2 C-terminus is a subtrate for CAMP-sensitive phosphorylation Kinase.
sting a synthetic peptide, Brunati et al. [2] showed that S256 can be phosphorylated by casein kinase I1.

gWe recently showed that an AQP2 C-terminal peptide can be phosphorylated by PKG. Interestingly, some serine/threonine residues are predicted
to be phosphorylated by several kinases. For example, S256 is hypothetically phosphorylated by seven different kinases.

hlt should be noted that S216, a PKC-zeta phosphorylation motif, may be part of the sixth transmembrane domain and consequently cytoplasmic
PKC-zeta may be unable to target this residue.

*
Serine in mouse and rat while threonine in human and sheep. GSK, glycogen synthase kinase; h, human; m, mouse; MAP, mitogen activated
protein; PKA, protein kinase A; PKC, protein kinase C; PKG, protein kinase G; r, rat; sh, sheep.
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