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Vasopressin controls renal water excretion largely through
actions to regulate the water channel aquaporin-2 in collecting
duct principal cells. Our knowledge of themechanisms involved
has increasedmarkedly in recent years with the advent of meth-
ods for large-scale systems-level profiling such as protein mass
spectrometry, yeast two-hybrid analysis, and oligonucleotide
microarrays. Here we review this progress.

Regulation ofwater excretion by the kidney is one of themost
visible aspects of everyday physiology. An outdoor tennis game
on a hot summer day can result in substantial water losses by
sweating, and the kidneys respond by reducingwater excretion.
In contrast, excessive intake of water, a frequent occurrence in
everyday life, results in excretion of copious amounts of clear
urine. These responses serve to exact tight control on the tonic-
ity of body fluids, maintaining serum osmolality in the range of
290–294 mosmol/kg of H2O through the regulated return of
water from the pro-urine in the renal collecting ducts to the
bloodstream.
The importance of this process is highlighted when the

regulation fails. For example, polyuria (rapid uncontrolled
excretion of water) is a sometimes devastating consequence of
lithium therapy for bipolar disorder. On the other side of the
coin are water balance disorders that result from excessive
renal water retention causing systemic hypo-osmolality or
hyponatremia. Hyponatremia due to excessive water retention
can be seen with severe congestive heart failure, hepatic cirrho-
sis, and the syndrome of inappropriate antidiuresis.
The chief regulator of water excretion is the peptide hor-

moneAVP,2whereas the chiefmolecular target for regulation is
the water channel AQP2. In this minireview, we describe new
progress in the understanding of the molecular mechanisms
involved in regulation of AQP2 by AVP in collecting duct cells,
with emphasis on new information derived from “systems-
level” approaches involving large-scale profiling and screening
techniques such as oligonucleotide arrays, protein mass spec-
trometry, and yeast two-hybrid analysis. Most of the progress
with these techniques is in the identification of individual mol-

ecules involved in AVP signaling and binding interactions with
AQP2. Additional related issues are addressed in several recent
reviews (1–4).

Background: AVP and AQP2

An increase in blood osmolality triggers the neurohypophy-
seal release of AVP. Classic studies in isolated perfused renal
collecting ducts demonstrated that AVP triggers a rapid
increase in the osmotic water permeability of the collecting
duct epithelium, explaining the dramatic fall in water excretion
seen when AVP is administered in vivo (5). In isolated perfused
rat renal IMCDs, a half-maximal increase is seen �8 min fol-
lowing AVP addition (6).
The increase in water permeability of the collecting duct epi-

thelium is a consequence of recruitment of AQP2 to the apical
plasma membrane of the collecting duct principal cells (7). In
the absence of AVP, most of the cellular AQP2 resides in intra-
cellular vesicles thought to be a subpopulation of recycling
endosomes (8, 9). Dynamic water permeability measurements
coupled with mathematical modeling (10, 11) have established
that the AVP-induced redistribution of AQP2 into the apical
plasma membrane occurs through two general processes: 1)
acceleration of the rate of exocytic insertion of AQP2 into the
plasmamembrane and 2) deceleration of the endocytic removal
of AQP2 from the apical plasmamembrane. Brown et al. (2, 12)
have demonstrated, in both the presence and absence of AVP,
that the amount of AQP2 in the plasmamembrane is a result of
a balance between continuing endocytosis and exocytosis of
AQP2. The effect of AVP to redistribute AQP2 to the plasma
membrane can bemimicked by perturbations that decrease the
intrinsic rate of endocytosis, such as expression of a dominant-
negative form of dynamin (13).
The general pathways involved inAVP signaling in collecting

duct cells are diagrammed in Fig. 1. The V2R is a Gs-coupled
receptor that binds AVP and activates two adenylyl cyclases,
types III and VI, to increase intracellular cAMP. Inasmuch as
exogenously added cAMP analogs reproduce the acute water
permeability increase seen with AVP, it appears that the action
of AVP in collecting ducts is mediated by cAMP (6). Down-
stream effects are believed to be mediated largely by activation
of PKA, although other kinases likely play important roles. One
substrate for PKA is AQP2 itself, which undergoes sequential
phosphorylation of three C-terminal serines as a result of PKA-
mediated phosphorylation of Ser256. This ultimately leads to
interactions with proteins that modulate either AQP2 exocyto-
sis or endocytosis.
AVP stimulates depolymerization of F-actin in the subapical

region of collecting duct cells (14). The dense cortical network
of actin filaments is viewed as a barrier to movement of AQP2-
containing vesicles to the apical plasma membrane, and actin
depolymerization is therefore expected to facilitate exocytic
insertion of AQP2-laden vesicles. The state of actin polymeri-
zation in the collecting duct is regulated by Rho family kinases
(4). Rho activation appears to be associated with redistribution
of AQP2 from the plasma membrane to intracellular compart-
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ments. Whether this is achieved by inhibition of AQP2 exocy-
tosis or stimulation of AQP2 endocytosis has not been directly
addressed. Rho has been shown to be phosphorylated by PKAat
Ser188 in natural killer lymphocytes, an effect that triggers dis-
sociation of Rho from membrane-associated effectors (15),
chiefly Rho/Rac/Cdc42-activated kinases. However, phospho-
rylation of RhoA has not (as of this writing) been demonstrated
in the renal collecting duct.
Binding of the V2R by AVP triggers an increase in intracel-

lular calcium in native IMCD cells (16, 17). The V2R-elicited
calcium mobilization appears to result from sensitization of
ryanodine-inhibitable calcium channels, presumably RyR1, in
the endoplasmic reticulum of collecting duct cells (18). The
increase in intracellular calcium is in the form of a train of
spike-like increases in calcium that occur in each cell independ-
ently of the calcium spike pattern in neighboring cells (19, 20).
EnhancementofCa2� releaseby ryanodine receptors by cAMP-
dependent phosphorylation has been demonstrated in pancre-
atic beta cells (21), and a similarmechanismmay sensitize RyR1
to release Ca2� in the IMCD (18), possibly by phosphorylation
at Ser2730 (rat). However, Yip (22) has also demonstrated an
Epac (RapGEF3)-dependent, PKA-independent mechanism
for regulation of ryanodine-sensitive Ca2� release in response
to AVP or cAMP.
Several pieces of evidence support the view that V2R-medi-

ated calcium mobilization is a key component of the mecha-
nismbywhichAVP acutely increases osmotic water permeabil-
ity. Either prevention of Ca2� release with ryanodine or
chelation of intracellular calcium with BAPTA inhibited the
vasopressin action to increase water permeability in isolated

perfused collecting ducts (18). Calmodulin inhibitors strongly
attenuated the action of AVP to increase water permeability in
isolated perfused IMCD segments (18). Downstream targets of
Ca2�-calmodulin include both adenylyl cyclase type III (23) and
MLCK (24), both of which are stimulated.

Transcriptomic and Proteomic Profiling of the Renal
Collecting Duct

To piece together a comprehensive model of how osmotic
water transport is regulated at a molecular level in the renal
collecting duct, a gene expression “parts list” is needed. A com-
prehensive list of genes expressed in native IMCD cells from
rats has been generated by transcriptomic profiling using oligo-
nucleotide arrays (IMCD Transcriptome Database, dir.nhlbi.
nih.gov/papers/lkem/imcdtr/) (25). About 8000 transcripts (of
�20,000 open reading frames in the rat genome) were
expressed above background levels. Over 2000 of these have
been directly confirmed at the protein level by large-scale LC-
MS/MS studies (IMCD Proteome Database, dir.nhlbi.nih.gov/
papers/lkem/imcd/) (26). Similar profiling studies have been
completed inAVP-responsivemousempkCCDcells (mpkCCD
Transcriptome Database, dir.nhlbi.nih.gov/papers/lkem/
mpkccdtr/default.aspx) (27).

Phosphoproteomic Profiling Reveals Novel AQP2
Phosphorylation Sites

Protein phosphorylation is critical to biochemical regulation
in eukaryotic cells. Within the past few years, rapid develop-
ments in affinity chromatographic enrichment of phosphopep-
tides, as well as more accurate and sensitive tandemmass spec-
trometers, have ushered in a new era of “global” analysis of
protein phosphorylation. Consequently, it has been possible to
address the following questions. 1)Which proteins in renal col-
lecting duct cells are phosphorylated? 2) What are the phos-
phorylation sites? 3)Which sites undergo a change in phospho-
rylation in response to vasopressin. Hoffert et al. (28) identified
714 phosphorylation sites on 223 unique phosphoproteins in
isolated rat IMCD tubule segments. These identifications
included four serines in AQP2 (Ser256, Ser261, Ser264, and
Ser269) within the terminal 16 amino acids of theC-terminal tail
(Fig. 2). Ser261, Ser264, and Ser269 had not previously been iden-
tified. The Ser256 site (29) had already been shown to be regu-
lated by AVP (30) and to play an important role in AQP2 traf-
ficking to and from the apical plasmamembrane (31, 32). Ser256
can be directly phosphorylated by PKA in vitro (33, 34). Other
basophilic kinases may also be capable of phosphorylating
Ser256, as reviewed recently by Brown et al. (2). The kinases
responsible for phosphorylation at Ser261, Ser264, and Ser269 are
as yet unidentified.
InAQP2, Ser261 phosphorylationwas decreased by vasopres-

sin treatment by �60% (28, 35). Lu et al. (36) have demon-
strated that mutating Ser261 did not affect regulated or consti-
tutive AQP2 trafficking in transfected LLC-PK1 cells. Thus, the
role of phosphorylation at Ser261 in AVP signaling and AQP2
trafficking, if any, remains to be determined.
Studies using quantitative LC-MS/MS and immunoblotting

with phospho-specific antibodies have demonstrated that vaso-
pressin strongly increases phosphorylation of AQP2 at Ser264
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FIGURE 1. AVP signaling pathways in the renal IMCD. Occupation of the
V2R by AVP (right) triggers signaling mechanisms that result in at least three
downstream effects vital to AQP2 trafficking (yellow boxes on left). Adenylyl
cyclases III (AC III) and VI (AC VI) produce cAMP, most of whose effects are
mediated by PKA, including phosphorylation of AQP2 at Ser256, followed by
downstream phosphorylation at Ser264 and Ser269 (top). These phosphoryla-
tion events alter binding interactions with regulatory proteins (see text). In
addition, RhoA is inactivated, possibly due to PKA-mediated phosphorylation
of RhoA (center) and leading to F-actin depolymerization. AVP also triggers
spike-like increases in intracellular calcium due to either phosphorylation of
RyR1orEpac(RapGEF3)effects.Calciummobilizationcausescalmodulin(CaM)-
dependent phosphorylation of the MRLC (MLC) by MLCK, resulting in non-
muscle myosin II activation and long-distance translocation of AQP2 vesicles
to the apical region.
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(37) and Ser269 (34) in rat IMCD cell suspensions (Fig. 2). Vaso-
pressin-mediated increases in AQP2 phosphorylation at Ser264
(t1⁄2 � 4.2 min) and Ser269 (t1⁄2 � 3.2 min) occurred significantly
more slowly than the increase in Ser256 phosphorylation (t1⁄2 �
41 s) (34). These response times correlate well with the dynam-
ics of the water permeability response to AVP in isolated per-
fused IMCD segments (initial increase at 35 s, half-maximal
response at 8min) (6), indicating plausible roles in regulation of
AQP2 trafficking. Interestingly, immunogold electron micros-
copy in rat renal IMCDs revealed that AQP2 phosphorylated at
Ser269 was present only in the apical plasma membrane,
whereas AQP2 phosphorylated at any of the other three C-ter-
minal sites was found throughout the cell in intracellular vesi-
cles as well as in the plasma membrane (34). Mutation of the
Ser269 site to aspartate, mimicking the charge state of a phos-
phorylated serine, resulted in constitutive localization of AQP2
in the plasmamembrane, suggesting that AVP-mediated phos-
phorylation of AQP2 at Ser269 is involved in regulated plasma
membrane retention of AQP2.
Vasopressin-mediated increases in phosphorylation at all

three sites (Ser256, Ser264, and Ser269) are reproduced when the
collecting ducts are stimulated instead by a cAMP analog, indi-
cating a probable causative role for cAMP. Although only the
Ser256 sitewas phosphorylated in vitroby purified PKAcatalytic
subunit, the PKA antagonist H-89 blocked vasopressin-stimu-
lated phosphorylation at Ser256, Ser264, and Ser269 (34). The
explanation for this finding is that PKA-mediated phosphoryl-
ation at Ser256 is a prerequisite for phosphorylation at Ser264
and Ser269 by unknown kinases.
Phosphoproteomic profiling also identified novel phospho-

rylation sites in the vasopressin-regulated urea transporter

UT-A1/3 (Ser35, Ser62, Ser63, and Ser486) that are hypothetically
involved in urea transport regulation in the IMCD (28) and
identified a number of regulatory proteins that underwent sig-
nificant changes in phosphorylation state in response to short-
term vasopressin treatment. One example is scaffold attach-
ment factor B, a protein involved in RNA processing. The site
on scaffold attachment factor B that was down-regulated in
response to vasopressin (Ser309; NCBI accession number
NP_071789.1) is a putative ERK1 phosphorylation site, an
observation consistent with the finding that vasopressin
decreases ERK1/2 activation in rat renal IMCD cells (20). Data
from the LC-MS/MS-based phosphoproteomic studies in col-
lecting duct can be browsed at the Collecting Duct Phospho-
protein Database (dir.nhlbi.nih.gov/papers/lkem/cdpd/).

Protein Binding Interactions Involving AQP2

TheC terminus ofAQP2 (Fig. 2) is critical for regulation of its
trafficking (1, 3). AQP2 trafficking is presumably mediated by
interactions with proteins that are part of the exocytic or endo-
cytic apparatus. Both yeast two-hybrid analysis and affinity-
based isolation of proteins followed by LC-MS/MS analysis
have been used to identify AQP2-interacting proteins.
Noda et al. (38) used an immunoaffinity approach in which

extracts of rat kidney papillae were passed over a column
covalently coupled with an anti-AQP2 antibody. Bound pro-
teins were identified bymatrix-assisted laser desorption ioniza-
tion time-of-flight mass spectrometry. They identified several
AQP2-interacting proteins that formed a so-called “multipro-
tein motor complex.” Member proteins in this complex (aside
from AQP2) included actin, MRLC isoforms 2A and 2B, �-tro-
pomyosin 5b, annexins A2 and A6, gelsolin, �-actinin 4, �II-
spectrin, and myosin IIA.
Lu et al. (39) utilized yeast two-hybrid screening of a human

kidney cDNA library and identified the abundant chaperone
proteins hsc70 and hsp70 as AQP2-interacting proteins. The
interaction of AQP2 with hsc70 was confirmed by mass spec-
trometry of proteins pulled down from a rat kidney papilla
extract using a glutathione S-transferase-AQP2 C-terminal
fusion protein as bait. Both co-immunoprecipitation from
AQP2-transfected LLC-PK1 cells and direct binding of purified
hsp70 and hsc70 to the glutathione S-transferase-tagged AQP2
C terminus confirmed these interactions. Functional knock-
down of hsc70 activity in AQP2-expressing cells resulted in
membrane accumulation of AQP2, suggesting that hsc70/
hsp70 may play a role in endocytic retrieval of AQP2 from the
apical plasma membrane.
Zwang et al. (40) incorporated a “bait peptide” pulldown

approachwith syntheticAQP2peptides to identify phosphoryl-
ation-dependent binding partners of AQP2 by LC-MS/MS.
This study confirmed previously identified interactions
between AQP2 and hsc70 (39), hsp70-1 and hsp70-2 (39), and
annexin II (38, 41), all of which bound more avidly to the
unphosphorylated AQP2 peptide. In contrast, hsp70-5 (also
known as BiP, found in both the endoplasmic reticulum and
cytosol) bound preferentially to the Ser256-phosphorylated
AQP2 peptide, suggesting that “phosphorylation at Ser256 may
regulate AQP2 trafficking in part by mediating differential
binding of hsp70 family proteins to the COOH-terminal tail”
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(40). Other novel AQP2 interactors identified included
RhoGDI2 and PP1c, both of which preferentially bound to the
unphosphorylated AQP2 peptide.
Additional yeast two-hybrid screens have identified two

other proteins that interact with the C-terminal tail of AQP2,
viz. LIP5 (lysosomal trafficking regulator-interacting protein-
5), a late endosomal protein (Fig. 2) (42), and AKAP220 (also
called AKAP11; NCBI accession number NM_012773), a PKA-
anchoring protein (43). AKAP11 was identified as the most
abundantAKAP transcript in the rat renal IMCD (25). An addi-
tional AQP2-interacting protein is MAL (44).

Role of the Actin Cytoskeleton in AQP2 Trafficking

Noda et al. (45) recently investigated the relevance of the
“force-generating motor complex” discovered by mass spec-
trometry of AQP2-interacting proteins (see above), focusing on
the role of tropomyosin 5b (also known as tropomyosin 1). The
authors showed that when AQP2 in intracellular vesicles
becomes phosphorylated at Ser256, it binds tropomyosin 5b.
This depletes free tropomyosin from the vicinity of the AQP2
vesicle, thereby fostering local F-actin depolymerization, in
effect cutting a hole in the cortical actin network around the
vesicle. As a consequence, the AQP2 vesicles can cut their way
through the cortical actin barrier that would otherwise prevent
them from reaching the plasma membrane.
AVP also can affect the actin cytoskeleton in another way,

namely stimulation of phosphorylation of the MRLC as dem-
onstrated initially by two-dimensional electrophoresis coupled
with protein mass spectrometry (24). Studies with phospho-
specific antibodies demonstrated that the phosphorylation sites
include the Thr18 and Ser19 residues already known to be a
target ofMLCK and showed that phosphorylation at these sites
increases in native IMCD cells in response to AVP. Phospho-
rylated MRLC activates conventional myosins, including non-
muscle myosins IIA and IIB, both of which are expressed in the
renal collecting duct (25). Studies in isolated perfused IMCD
segments showed that the ability of AVP to increase osmotic
water permeability was markedly decreased either by MLCK
inhibitors (24) or by the myosin II inhibitor blebbistatin (46).
Activation of myosin II isoforms in collecting duct cells medi-
ates the well known effect of AVP to alter cell shape (cells
become taller) and hypothetically play roles (along with micro-
tubules) in long-distance translocation of AQP2-laden vesicles
from throughout the cell to the apical region, where they can
fuse with the plasma membrane. We propose that this could
occur via myosin-dependent “flow” of the cortical actin net-
work along the basolateral-apical axis of the cell in a manner
similar to the process described for polarization in fertilized
eggs (47).
In addition to the role of myosin II as discussed above, other

myosinsmay be important forAQP2 vesicle trafficking.Myosin
VB has been implicated in recycling of AQP2 after endocytosis
(9). In addition tomyosins IIA and IIB andMRLC, immunoiso-
lated AQP2 vesicles were found to entrain myosins 1C, VI, and
IXB (8). Specific roles for these myosins in AQP2 trafficking
have not been ascertained.

Role of PDZ Domain Interactions in Regulation of AQP2
Localization

Noda et al. (48) have established that AQP2 undergoes bind-
ing interactions with a PDZ domain-containing protein called
SPA-1 (signal-induced proliferation-associated protein-1) via
its C-terminal PDZ ligand domain (-Ser269-Lys270-Ala271).
AQP2 trafficking to the apical plasma membrane was found to
be impaired in collecting ducts from SPA-1-deficient mice.
SPA-1 is a Rap GTPase-activating protein, which could hypo-
thetically mediate localized Rap inactivation in the vicinity of
AQP2, thereby reducing local ERK activity (20). Localized ERK
inactivation could hypothetically play a role in phosphorylation
of AQP2 at Ser261, a potential target site for proline-directed
kinases, including ERK (28).
Studies using LC-MS/MS to identify apically biotinylated

proteins in the renal IMCD have also pointed to a role for PDZ
domain interactions in apical targeting (49). Most of the inte-
gral membrane proteins identified by apical surface biotinyla-
tion possessed C-terminal PDZ ligandmotifs, including AQP2,
low density lipoprotein receptor-related protein-4 (gene name
Lrp4), �-glutamyl carboxylase (Gacx), ATP-binding cassette
subfamily A2 (Abca2), tyrosine kinase receptor 3 (Tyro3),
Na�/H� exchanger 2 (Slc9a2), orphan G-protein-coupled
receptor 64 (Gpr64), and the Na�/Cl�-dependent taurine
transporter (Slc6a6). Furthermore, several peripheral mem-
brane proteins were identified in IMCDs via their attachment
to apically biotinylated proteins, including three PDZ domain-
containing proteins: Semacap3 (a RING finger protein with
putative ubiquitin ligase activity; gene name Pdzrn3), SPA-1-
like protein (a probable Rap GTPase-activating protein
(Sipa1l1), and nitric-oxide synthase-1 (Nos1). The role of PDZ
domain interactions in epithelial cell polarity determination
has been reviewed recently (50).
The AQP2 phosphorylation site at Ser269 is part of the AQP2

PDZ ligandmotif (Fig. 2), and phosphorylation at this site could
theoretically alter PDZdomain interactions that are involved in
targeting of AQP2 to the apical plasma membrane. Similarly,
ubiquitination of Lys270 could alter AQP2 distribution in col-
lecting duct cells by altering interactions with PDZ domain-
containing proteins.

Conclusion

In this brief review, we have described the role of discovery
approaches involving large-scale transcriptomic or pro-
teomic data acquisition in fostering progress in a specific
area of molecular physiology, viz. the regulation of the AQP2
water channel by AVP. On the horizon are additional
approaches based on better techniques in protein mass spec-
trometry as well as “next-generation” nucleotide sequencing
that will add to the rapidly expanding treasure trove of infor-
mation. In this minireview, we have emphasized easily inter-
preted observations (“the low-hanging fruit”). However, tak-
ing maximal advantage of large-scale data sets in the future
will require computational methods capable of finding pat-
terns in the data that speak to mechanism and causality, i.e.
formal computational systems biology.
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