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Abstract

The kidney regulates body fluid, ion, and acid/base homeostasis via the interaction of a host of
channels, transporters, and pumps within specific tubule segments, specific cell types, and specific
plasma membrane domains. Furthermore, renal epithelial cells have adapted to function in an
often unique and challenging environment that includes high medullary osmolality, acidic pHs,
variable blood flow and constantly changing apical and basolateral “bathing” solutions. In this
review, we focus on selected protein trafficking events by which kidney epithelial cells regulate
body fluid, ion and acid-base homeostasis in response to changes in physiological conditions. We
discuss aquaporin 2 and G-protein coupled receptors (GPCRs) in fluid and ion balance, the V-
ATPase and intercalated cells (IC) in acid/base regulation, and acidification events in the proximal
tubule degradation pathway. Finally, in view of its direct role in vesicle trafficking that we outline
here, we propose that the V-ATPase itself should, under some circumstances, be considered as a
fourth category of vesicle “coat” protein, alongside clathrin, caveolin, and COPs.
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A) Trafficking of aquaporin 2 - the vasopressin-responsive water channel

Aquaporin 2 is the vasopressin (VP)-sensitive water channel that is involved in urinary
concentration. After VP is released from the posterior pituitary upon an increase in plasma
osmolality or decrease in volume, it interacts with the vasopressin type 2 receptor (V2R) on
collecting duct principal cells, increases CAMP, induces PKA phosphorylation of AQP2 at
serine 256 in the C-terminus, and shifts AQP2 localization from intracellular vesicles to the
plasma membrane (Fig. 1)(173). This greatly increases epithelial water permeability, and
allows urinary concentration to occur by osmatic equilibration of the luminal fluid with the
hypertonic interstitium. Defects in the V2R/AQP2 signaling pathway lead to nephrogenic
diabetes insipidus — a disease in which over 15 L of dilute urine can be produced each day
(4 5).

A key question is how does phosphorylation lead to the relocation of AQP2 from
cytoplasmic vesicles to the plasma membrane? AQP2 recycles constitutively between
intracellular vesicles and the plasma membrane (Fig. 2 illustrates some aspects of the AQP2
recycling pathway), even in the absence of VP, similarly to the GLUT4 glucose transporter
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(3' 6' 7). Both the exocytotic and endocytotic steps of this recycling process may be
regulated by AQP2 phosphorylation, with the S256 residue playing a critical role in this
process (8), although other phosphorylation sites may also be involved (see below). The
regulation of a phosphorylation-dephosphorylation cycle by the action of local kinases,
kinase anchoring proteins and phosphatases is ultimately responsible for determining the
cellular itinerary and localization of AQP2 (9).

Regulation of AQP2 exocytosis

Exocytosis of AQP2 involves, not surprisingly, SNARE proteins including VAMP2,
SNAP23, and syntaxin 3 or 4. The syntaxin-binding protein Munc 18b negatively regulates
AQP2 exocytosis. One report suggests that this occurs by the traditional Munc18/Q-SNARE
regulatory mechanism at the plasma membrane (10), whereas another indicates that
Munc18b regulates the action of an R-SNARE, VAMP2, at the level of AQP2 containing
vesicles (11). The latter study shows that Munc18b detaches from a vesicular complex
involving AQP2 and VAMP2 upon VP treatment of cultured cells, possibly as a result of
AQP2 phosphorylation (11). Overexpression of Munc18b decreases AQP2 exocytosis (11),
and Munc18b knockdown increases AQP2 exocytosis (10). Thus, regulation of SNARE
protein interactions may contribute to VP-induced AQP2 exocytosis.

Interaction with the actin cytoskeleton is also critical for AQP2 recycling, and AQP2
directly interacts with G-actin (12). Actin depolymerization by RhoA inactivation or
cytochalasin D treatment of cells results in VVP-independent membrane accumulation of
AQP2 (2). Phosphorylation of AQP2 at S256 decreases its affinity for G-actin, but
stimulates interaction with tropomyosin 5B (TM5b) (12). This sequestration of TM5b
locally depolymerizes F-actin in cells expressing AQP2 and results in membrane
accumulation of AQP2 by an as yet unknown mechanism. Using LLC-PK1 cells expressing
ssYFP, a secreted marker that partially colocalizes in AQP2 containing vesicles, we showed
that VP treatment indeed induces an increase in ssYFP exocytosis, but only in cells that
express AQP2, and not in native cells (13). Myosin Vb is also important for the AQP2
shuttle to occur, via its interaction with Rab11 and its binding partner Rab11-FIP2 (14). A
dominant negative myosin Vb tail expressed in cultured CD8 cells causes accumulation of
AQP2 in a Rab11 positive compartment and inhibits VP action (14). However, actin
dynamics play a complex role in both exo- and endocytosis (15), so the precise point in the
recycling pathway of AQP?2 that is affected by regulating actin polymerization remains to be
clarified.

Regulation of AQP2 endocytosis

Internalization of AQP2 is clathrin mediated, and AQP2 accumulation at the cell surface can
be induced simply by inhibiting the endocytotic arm of the recycling pathway using
dominant negative dynamin or methyl-p-cyclodextrin (7). In addition, VP treatment causes
AQP2 to accumulate in “endocytosis-resistant” membrane domains (16) (Figs. 2: 3).
Phosphorylation of AQP2 at S256 prevents its interaction with the heat shock protein hsc70
(17), which is critically involved in clathrin mediated endocytosis (18), and expression of
ATPase-deficient hsc70 in cells also results in membrane accumulation of AQP2. In
addition, phosphorylated AQP2 interacts strongly with MAL (myelin and lymphocyte
associated protein) a tetraspanning membrane-associated protein that may also contribute to
increased surface expression by restricting AQP2 internalization (19).

AQP2 has multiple phosphorylation sites

At least 13 actual and putative phosphorylation sites for multiple kinases (PKA, PKG, casein
kinase 1, calmodulin-dependent kinases and MAP kinases) are present in the AQP2
sequence (8). The phosphorylation status of four sites in the AQP2 C-terminus — S256,
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S261, S264 and S269 - is modified by VP action (20’ 21). S256 phosphorylation is critical
for AQP2 cell surface accumulation (8), and may be necessary for subsequent downstream
phosphorylation of S264 and S269. S269 may be phosphorylated (but not by PKA) when
AQP2 is already located at the cell surface: thus, it may play a role in cell surface retention
rather than delivery (22). S261 phosphorylation is actually decreased upon VP action (23),
but the phosphorylation status of this residue does not detectably affect AQP2 trafficking
(24). Previous work also proposed a role of PKA-independent S256 phosphorylation in
trafficking of AQP2 through the Golgi (25), although other work has shown no apparent
effect of an S256A mutation on the ability of AQP2 to transit the Golgi and reach the cell
surface during its constitutive recycling itinerary (12 26). Further complicating the picture
is that some sites are potential targets for multiple kinases — indeed S256 phosphorylation by
PKA, PKG and casein kinase Il have all been reported (8).

Finally, principal cells in the renal medulla can be exposed to hypertonic environments that
are an essential component of the renal concentrating mechanism. Exposure of principal
cells both in culture and in situ to hypertonicity causes an accumulation of AQP2 at the
plasma membrane in a MAP kinase-dependent manner (Fig. 2), mainly by decreasing
endocytosis (27). In contrast, hypotonicity decreases AQP2 cell surface expression in
cultured cells and decreases the level of cCAMP and S256 phosphorylation on AQP2 (28). In
some kidney regions, AQP2 is also present on the basolateral plasma membrane together
with other aquaporins (AQP3 and/or AQP4) (Fig. 1). One factor stimulating basolateral
AQP2 targeting may be hypertonicity (29), but since this also occurs in the isotonic cortex
of the kidney, other regulatory elements must be involved. Aldosterone treatment of rats
increases basolateral AQP2 targeting (30), but the physiological importance of this process
and its cell biological regulation remain unclear.

Together, the data outlined above indicate that the presence of AQP2 on intracellular
vesicles allows them to interact with the cellular transport machinery in a phosphorylation-
dependent manner. This occurs by the formation and dissolution of protein complexes that
regulate phosphorylation and dephosphorylation of AQP2 and control its association with
actin and actin related proteins, with proteins of the clathrin endocytotic apparatus, and with
exocytotic SNARE-regulating proteins.

B) G-protein coupled receptor trafficking in the kidney

Many functions of renal epithelia are directed by the interactions of specific cell types with
circulating hormones, including VP, parathyroid hormone (PTH), and angiotensin 11
(ANGII) which are ligands for G-protein coupled receptors. (31: 32). Emerging data have
emphasized that while some features of GPCR trafficking, internalization and degradation
are shared by multiple receptor types, the precise mechanisms that regulate individual
receptors must be examined using appropriate conditions and cell systems (33: 34). Not only
are a variety of clathrin adaptor molecules involved in the endocytotic process (35), but the
cellular environments in which receptor/ligand coupling occurs can also lead to differential
receptor signaling and processing (33). Nowhere is this more critical than in the kidney,
where receptor-ligand interactions occur in environments that differ greatly from that in
most other tissues and organs. For example, VP must bind to the V2R in a medullary
environment that can be hypertonic (1200 mOsm/kg), contain up to 600 mOsm/kg urea, and
have a pH as low as 5.5. Yet, VP still binds to the V2R and signals appropriately under these
harsh conditions. An acidic pH dissociates many receptor/ligand pairs in the endosomal
compartment, terminating signaling and allowing receptors to be recycled back to the cell
surface, while ligands are delivered to lysosomes for degradation. So how can the V2R/VP
pair function in the renal medulla?
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Repopulation of the plasma membrane by the V2R after downregulation occurs very slowly
compared to many other GPCRs, implying that the V2R either does not recycle, or recycles
very slowly (36). While phosphorylation of the V2R has been implicated in this “slow”
recycling process (36), much of the internalized, liganded V2R is degraded in lysosomes
(Fig. 3) (37: 38). The V2R that re-appears on the cell surface to restore vasopressin
sensitivity to principal cells after downregulation is mainly newly-synthesized receptor (38).
This ability of the V2R to bind to its ligand at acidic pH allows functional coupling to occur
in the renal medullary environment. In contrast, the PTH receptor (PTHR), which regulates
phosphate and calcium reabsorption in parts of the kidney where the interstitial environment
is milder, fails to signal and does not internalize after ligand binding under conditions of
hypertonicity and low pH (39). In addition, the response of cells to a given concentration of
VP is also modulated by the presence of other hormones. For example, the plasma
membrane targeting of AQP2 by VP in inner medullary collecting duct cells is “sensitized”
to lower doses of VP by simultaneous exposure of cells to ANGII (40).

Another feature of GPCRs in the kidney is that they often are expressed on both the apical
and basolateral plasma membranes of epithelial cells, and elicit responses from both
membrane domains. An intriguing feature of the PTHR in proximal tubules is that receptors
located in different membrane domains stimulate different signaling pathways. The apical
receptor stimulates a PLC/PKC response, whereas the basolateral receptor drives an increase
in intracellular cAMP, and a PKA-mediated effect (41). Both responses are, however,
involved in provoking the endocytosis of the apical sodium/phosphate co-transporter,
NaPilla and, thereby, increase phosphate excretion. The apical pathway involves NHERF1
mediated coupling of the PTHR to PLC (41' 42). There is also some evidence that the V2R
is bipolar in collecting duct principal cells as well as in cultured cells in vitro, and can
signal, perhaps differently, from these two membrane domains upon VP binding (42 43).
GPCRs can also signal from intracellular locations, including the nucleus, the Golgi, and the
endoplasmic reticulum (44 45). The ability of GPCRs including the V2R to signal from an
endosomal location is the subject of much current interest (34 46748).

GPCR biology is of enormous physiological and pathophysiological importance, and
GPCRs are major drug development targets. However, in vitro data obtained using cells
cultured in normal, isotonic, neutral medium may not be strictly comparable to in vivo
GPCR/ligand physiology. This is especially true in the kidney, in which GPCR responses
are modified by extreme extracellular environments, the presence of other hormone/ligand
interactions, and the interaction of ligands with both apical and basolaterally-expressed
receptors.

C) Vacuolar H*-ATPase (V-ATPase) trafficking in intercalated cells

The V-ATPase acidifies many intracellular organelles in all eukaryotic cells, and is also
expressed at high density in plasma membranes of some specialized cells that are involved
in proton transport and extracellular pH regulation in different organs (Fig. 4)(49752). In the
kidney, these “intercalated cells” (IC) in the late distal tubule, the connecting segment and
the collecting duct (Fig. 1) are key players in body acid/base regulation. Systemic acidosis
causes accumulation of V-ATPase in the apical membrane of A-1C, which are responsible
for proton secretion into the urine. Conversely, type B-IC (found only in the cortical
collecting duct) can express the V-ATPase in their basolateral membrane, and they secrete
bicarbonate (51). Alkalosis induces the endocytotic retrieval of V-ATPase from the apical
membrane of all 1C and accumulation of V-ATPase in the basolateral membrane of B-IC.
The mechanisms by which IC respond to variations in acid/base status by changing the
polarized expression of the V-ATPase remain poorly understood, but the Al-Awgati
laboratory has shown that this process is mediated by a protein called hensin. This protein is
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secreted into the extracellular environment where it polymerizes and binds to cell surface
integrins that in turn induce terminal differentiation signals resulting in transformation of B-
IC into A-IC (53).

The V-ATPase is divided into two distinct domains (Fig. 4), the transmembrane Vg domain
which contains subunits a, ¢, d and e, and the peripheral V1 domain, which contains 8
subunits (A-H) (50’ 51). Several subunits have more than one isoform, and the arrangement
of one set of subunit isoforms in the holoenzyme is cell-type specific and partially
determines the sub-cellular localization of the V-ATPase (50752: 54). For example, in
kidney proximal tubule cells, V-ATPase complexes containing the a2 isoform are located in
endosomes while the a4 isoform is in the plasma membrane (55). IC express mainly the B1
isoform of the B subunit (but see below), whereas proximal tubule cells (and osteoclasts)
express the B2 subunit. However, no difference in subunit composition of the apical versus
basolateral V-ATPase in A- and B-IC has yet been revealed.

Isoform replacement and pathophysiology of V-ATPase dysfunction

Mutations of subunits B1 and a4 cause distal renal tubular acidosis (rDTA) due to an
impairment of proton secretion by IC. Distal RTA is accompanied by deafness in patients
with B1 mutations, but those harboring a4 subunit mutations usually have intact hearing
despite the expression of both B1 and a4 in the inner ear (56). Similarly, a4 is localized in
the brush-border membrane of proximal tubules (55) but patients with a4 mutations do not
have proximal tubular acidosis. Other a subunit isoforms may, therefore, compensate for the
lack of functional a4. Similarly, B1-subunit deficient mice unexpectedly maintain normal
acid/base balance under non-stressed conditions (57), but their A-ICs had an atypically
pronounced apical localization of the B2 V-ATPase isoform (58). However, when
challenged with an acid load, these mice developed severe metabolic acidosis (57),
suggesting that B2 cannot fully compensate for the absence of B1 under extreme conditions.

Recycling of the V-ATPase

Proton secretion in IC (and PT cells) is regulated by recycling of V-ATPase-containing
vesicles to and from the plasma membrane, and involves calcium, SNARE proteins and the
regulatory protein Munc 18b (see above for a role of Munc 18b in AQP2 exocytosis),
microtubules and actin (52' 59). Subunits B1, B2 and C interact directly with actin, and
increased association of the VV-ATPase with F-actin correlates with its internationalization in
osteoclasts (60). In addition, B1 interacts with the PDZ binding protein NHERF1 (61),
which binds to the actin cytoskeleton via MERM (merlin, ezrin, radixin, moesin) proteins;
this interaction might play a role in the stabilization and/or regulation of the V-ATPase in B-
ICs.

SAC is a bicarbonate sensor that regulates apical insertion of the V-ATPase

Work using the male reproductive tract as a model has revealed that luminal bicarbonate is a
key factor in the regulation of proton secreting cells (62). Bicarbonate induces apical
accumulation of the V-ATPase in epididymal clear cells (which resemble kidney IC) via
activation of the soluble adenylyl cyclase (SAC), which generates CAMP in response to
increased bicarbonate, followed by PKA activation (62). SAC and the V-ATPase partially
co-localize in both IC subtypes (63), and conditions that induce apical membrane insertion
of V-ATPase in A-IC also cause the apical redistribution of SAC. Importantly, SAC co-
immunoprecipitates with the V-ATPase B1 and A subunits (63), indicating that they form a
signaling complex that contributes to the response of A-IC to systemic acidosis. Increased
delivery of bicarbonate to the lumen of the collecting duct occurs in some acid base
disorders and could activate SAC and lead to apical mobilization of the V-ATPase in IC.
Proton secretion by IC can also be modulated by hormones: ANGII stimulates V-ATPase-
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dependent proton secretion by A-IC by increasing V-ATPase trafficking to the plasma
membrane (64).

Phosphorylation of the V-ATPase

Whether direct phosphorylation of V-ATPase subunits is involved in V-ATPase recycling
remains uncertain. An early study showed that the brain isoform of the V-ATPase B subunit
(presumably the B2 isoform) is phosphorylated in vitro by AP50, a subunit of the clathrin
assembly protein AP-2 (65). However, phosphorylation of V-ATPase subunits in mammals
has not been demonstrated in vivo, although some V-ATPase subunits, including A, B1, B2
and C, contain putative phosphorylation sites (54), and V-ATPase subunit phosphorylation
has been described in insects (66). Alternatively, regulation of VV-ATPase recycling by PKA
may occur indirectly by modulation of the actin cytoskeleton. Kidney IC and epididymal
clear cells contain high levels of the actin remodeling protein, gelsolin, which plays a key
role in the regulation of V-ATPase recycling in clear cells (67). In addition, the actin
cytoskeleton is markedly regulated by PKA, via phosphorylation of RhoA, leading to actin
disassembly and reduced endocytosis of the V-ATPase.

D) Regulation of the endosomal-lysosomal protein degradative pathway in
proximal tubules

In this section, we will focus on recent insights into the function and regulation of the
endosomal/lysosomal protein degradation pathway using kidney proximal tubule (PT)
epithelial cells as an example. Kidney PT cells have an extensive apical endocytotic
apparatus that is critical for the reabsorption and degradation of filtered proteins via the
endosomal/lysosomal pathway, as well as for the extensive recycling of many membrane
transport proteins (68 69). From early endosomes, the internalized material (ligands) and
receptors can be either recycled, exocytosed back into the PT lumen, or delivered to
organelles including late endosomes and lysosomes for degradation. Many low-molecular
weight plasma proteins (such as albumin, hormones, vitamin-binding proteins and cytokines
among others)(70772) as well as some drugs (including gentamicin and amikacin)(73) are
reabsorbed in the PT by receptor-mediated endocytosis and are delivered to lysosomes for
degradation. This process involves three apically-located multiligand-binding receptors,
megalin, cubilin and amnionless (68: 74+ 75). Megalin is a 600 kDa transmembrane
glycoprotein that belongs to the low-density lipoprotein (LDL) receptor gene family and
functions as a low-selectivity, high-capacity scavenger receptor. Cubilin is a 460 kDa
peripherally attached glycoprotein which interacts and functions with megalin in a dual-
receptor complex (68).

Megalin: an endocytic scavenger receptor involved in intracellular signaling

Unconventional functions of the megalin receptor in intracellular signaling have recently
emerged in kidney PT. First, the cytoplasmic C-terminal domain of megalin is subjected to
regulated intramembrane proteolysis, followed by its translocation to the nucleus where it
regulates the expression of specific proteins in PT epithelial cells. These data implicate
megalin as a central element in a Notch-like pathway that could interconnect the function of
the endosomal/lysosomal protein degradation pathway with regulated gene expression and
signaling (76 77). Second, megalin was suggested to be the albumin-sensor that mediates an
equilibrium between albumin-induced apoptosis and cell survival. Megalin, through a novel
mechanism, binds the serine/threonine kinase PKB which controls phosphorylation of Bad
and, thus, determines the anti- or pro-apoptotic outcome as a result of low and high albumin
reabsorption via the endosomal/lysosomal pathway in these cells (78). While the function of
megalin and cubilin receptors as well as their ligand specificity have been intensively
studied during last decade, the role of amnionless in protein reabsorption and degradation is
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just emerging. Furthermore, novel and unexpected signaling pathways involving these
proteins are providing exciting new insights into PT function and regulation in the kidney.

Role of endosomal acidification in the protein degradative pathway

In all eukaryotic cells, including kidney PT cells, endocytic trafficking is associated with
increasing acidification of the lumen of the organelles as internalized content passes from
early endosomes to late endosomes and finally to lysosomes (69). Intra-vesicular
acidification along the endosomal-lysosomal pathway is mainly accomplished by the proton
pumping V-ATPase that has been described earlier in this review (50752). This electrogenic
pump translocates protons from the cytoplasm to the organelle lumen which, in conjunction
with a parallel chloride conductance (via CLC-5 and CLC-4 electrogenic ClI=/H*-
exchangers) generates the acidic milieu (pH between 5.0-6.0) of the endosomal/lysosomal
compartments (79). However, an important role of Na*/H*-exchangers in organelle
acidification is also currently emerging (80). Importantly, perturbation of endosomal
acidification in PT cells leads to pathophysiological dysfunction typified by diminished
reabsorption and urinary wasting of albumin and other low-molecular proteins (69). The
physiological importance of endosomal acidification is also underlined by our recent finding
that V-ATPase inhibitors (bafilomycin and concanamycin) as well as acidification
uncouplers (NH4CL and FCCP) strongly abolish albumin uptake by mouse proximal tubule
cells (MTC) (55). Interestingly, a functionally disruptive mutation in CLC-5 results in Dent
disease, whose manifestations include Fanconi syndrome in humans, which is accompanied
by diminished function of the endosomal/lysosomal pathway, deficient protein reabsorption,
proteinuria and kidney stone formation. CLC-5 knockout mice have similar defects in the
PT endosomal/lysosomal protein degradative pathway (79). Thus, impaired function of the
PT endocytic pathway and diminished albumin reabsorption is explained by a reduced
chloride-driven electrical shunt that inhibits endosomal V-ATPase-dependent acidification.
On the other hand, kidney stone formation in Dent disease may be caused by impaired
megalin-dependent reabsorption of filtered parathyroid hormone (PTH) in early PT cells and
the resultant excessive stimulation of apical PTH-receptors in the late PT, which triggers
both the endocytic removal NaPilla phosphate transporters and an augmentation of the
transcription of 1a-25(0OH)-VitDs-hydrolase (79). Recently, using both CLC-5 and megalin-
knockout mouse models, megalin-mediated endocytosis was implicated in the reabsorption
of filtered cathepsin B and its delivery to lysosomes, thus providing a novel alternative
pathway that could contribute to the biogenesis of lysosomes in kidney PT cells (81).

The V-ATPase as an endosomal pH sensor involved in coat protein recruitment

While many studies have linked an inhibition of endosomal acidification to perturbations of
intracellular trafficking pathways, the biochemical mechanism(s) linking deficient
endosomal pH regulation to impaired vesicle trafficking were poorly understood. Recent
data from our laboratory have now provided new insights into this process by showing the
direct involvement of the endosomal V-ATPase in acidification-dependent transmembrane
signaling. This involves a direct, acidification-dependent interaction of some V-ATPase
subunits with cytosolic small GTPases and their regulatory proteins that modulate vesicular
trafficking along the protein degradative pathway (55). In particular, the transmembrane a2
subunit isoform of the VV-ATPase is targeted to early endosomes in the proximal tubule and
directly interacts with the guanine-nucleotide exchange factor ARNO, while the Arfé small
GTPase specifically interacts with the c-subunit of the V-ATPase Vo-sector. Thus, the V-
ATPase has a novel function as an endosomal pH-sensor: the acidification-dependent
interaction between V-ATPase subunits and small GTPases is crucial for protein trafficking
between early and late endosomes (55 82). Although this work showed that the V-ATPase
could, in an acidification-dependent manner, modulate vesicular trafficking by scaffolding
and recruiting small GTPases, the downstream biochemical events and functional
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significance of this rendezvous remain unclear. Our recent data suggest that VV-ATPase may
not simply recruit and scaffold small GTPases to their target membranes but could also, via
its interaction with regulatory elements in ARNO, have a novel role as an activator of Arf-
GEF activity during its function as an endosomal pH-sensor and regulator of the endosomal/
lysosomal pathway.

E) The V-ATPase as a fourth class of membrane/vesicle “coat” protein

The uncovering of a critical role for the V-ATPase itself as a regulator of vesicle trafficking,
in addition to its well-known role in vesicle acidification, has significant implications for all
cell types, not only proximal tubule cells. V-ATPase-transporting endo- and exocytotic
vesicles in ICs have an extensive cytoplasmic coat formed by the V-ATPase V1 sector
subunits (Fig. 4)(83), but the coat does not contain clathrin or caveolinl (52) or any COP
proteins (Brown and Breton, unpublished data). The V-ATPase is clearly involved in
regulating vesicle trafficking by the downstream recruitment of functionally important
cytosolic proteins, and by interacting directly with the actin cytoskeleton. This suggests that
the V-ATPase forms a fourth category of vesicle “coat” and regulates its own trafficking and
recycling. Several other lines of evidence point in this direction: 1) Subunit B of the V-
ATPase interacts with the SNARE protein syntaxin 1a (59); 2) Subunit H is homologous to
the adaptor protein g-adaptin, which is involved in clathrin-mediated endocytosis (84); 3)
The V-ATPase plays a direct role in the acidification-dependent recruitment of cytoplasmic
accessory proteins to endosomes (55)(and see above). In addition, the transmembrane V
domain of the V-ATPase may itself be directly involved in the process of membrane fusion
(51), presumably following complete or partial dissociation of the bulky cytoplasmic V1
sectors of the V-ATPase.

Based on these considerations, we propose that the V-ATPase itself should be considered as
a fourth type of vesicle and membrane “coat” protein, on a level with clathrin, caveolins,
and COP proteins, particularly when expressed at high levels within a given membrane
domain. It may, therefore, play a role in mediating “clathrin-independent endocytosis” (85).
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Fig. 1.

Section of kidney collecting duct triple-immunostained to show AQP2 (green — goat anti
AQP?2 antibody) and AQP4 (red — rabbit anti AQP4 antibody) in vasopressin-sensitive
principal cells, and the proton-pumping V-ATPase (blue — chicken anti V-ATPase E-subunit
antibody) in intercalated cells. AQP2 is located mainly in the apical domain of principal
cells, where it shuttles between the plasma membrane and intracellular vesicles. Apical
accumulation is induced by the action of the antidiuretic hormone, vasopressin. AQP4 is a
basolateral water channel that works together with apical AQP2 to allow water to cross the
epithelium, driven by interstitial hypertonicity. This is an essential component of the urinary
concentrating mechanism. Finally, intercalated cells express high levels of the V-ATPase. In
the region of the kidney shown here, the inner stripe of the outer medulla, A-1C express V-
ATPase apically. In response to systemic acidosis, V-ATPase pumps accumulate in the
apical plasma membrane and proton secretion is activated to help excrete the acid load (Bar
=5 pum).
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Fig. 2.

Diagram showing some key features of AQP2 recycling. AQP2 recycles via a constitutive
pathway through a trans-Golgi and/or the recycling endosome. Inhibiting clathrin-mediated
endocytosis induces apical accumulation of AQP2 in a VP-independent manner. Upon VP
interaction with the basolateral (V2R), cCAMP elevation activates protein kinase A (PKA)
and AQP2 phosphorylation increases on residues S256, S264 and S269. Increased activity of
the soluble guanylyl cyclase (GC), for example via nitric oxide, also results in AQP2
phosphorylation and membrane accumulation. The MAP kinase pathway is essential for
hypertonicity-induced AQP2 surface accumulation. AQP2 interacts with the SNARE
regulatory protein Munc 18-2, and this interaction may be regulated by phosphorylation.
Phosphorylated AQP2 at the plasma membrane is located in endocytosis-resistant domains;
its interaction with hsc70, which is involved in clathrin-mediated endocytosis, is inhibited.
Non-phosphorylated AQP?2 interacts strongly with hsc70 and this may lead to AQP2
accumulation in clathrin coated pits, followed by endocytosis. MAL, the myeloid and
lymphocyte associated protein, is also involved in AQP2 endocytosis by an as yet unknown
mechanism. In addition, the actin cytoskeleton is centrally involved in AQP?2 trafficking —
actin depolymerization alone results in cell surface accumulation of AQP2 - but whether the
endocytotic or exocytotic pathway is involved remains uncertain (Adapted from ref. 7).
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Fig. 3.

A-D) Spinning disk confocal microscopy showing internalization of the vasopressin type 2
receptor (V2R) after vasopressin treatment of LLC-PK1 cells expressing V2R-GFP. Under
baseline conditions, the V2R is located mainly on the basolateral plasma membrane of these
cells (A), and is progressively internalized into perinuclear vesicles (arrows) after VP
stimulation (B-D). These vesicles have been identified as later endosomes and lysosomes
(38).

E-F) Localization of V2R-GFP and AQP2 (red) by immunocytochemistry in cells treated
with VP. After VP stimulation, endocytosis of the V2R ensues (E), but AQP2 accumulates
at the cell surface (F) and resides in distinct membrane microdomains that are distinct from
those containing the V2R. At higher magnification, the V2R appears to be forming
endocytotic vesicles that bud from the plasma membrane (arrows) and in some cases appear
free in the cytoplasm. AQP2 remains at the cell surface and does not internalize under these
conditions — it is in “endocytosis-resistant” microdomains (16).
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Fig. 4.

Composite plate showing the V-ATPase coat on vesicles in proton secreting cells, a
schematic representation of its structure, and its interaction with Arf6, ARNO, and actin. By
conventional electron microscopy, V-ATPase forms a dense coat that surrounds trafficking
vesicles in kidney intercalated cells (A — arrows; Bar = 50 nm). This V-ATPase-coated
vesicle is from a kidney intercalated cell that has endocytosed the fluid phase marker
horseradish peroxidase from the tubule lumen, identifying this vesicle as being part of the
endocytotic pathway. Panel B (Bar = 50 nm) shows a V-ATPase coated vesicle in a proton
secreting cell from the amphibian urinary bladder. The densely-packed V-ATPase molecules
form a coat that is visualized here by rapid-freeze, deep etch electron microscopy, and which
represents the V1 sector of the V-ATPase (83). The arrows indicate an adjacent actin
filament. The diagram shows the complex subunit structure of the V-ATPase and illustrates
the binding sites for actin (subunits B and C), ARNO (subunit a) and Arf6 (subunit c).
Further details on the structural organization of the V-ATPase can be found in recent
comprehensive reviews (49751).
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