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Background: It remains unclear why vasopressin induces greater antidiuresis through V2R than does oxytocin.
Results: Vasopressin sustains cAMP signaling during V2R internalization, a process promoted by B-arrestins, and is halted by

the retromer complex.

Conclusion: This new noncanonical model of GPCR signaling differentiates the actions of vasopressin and oxytocin.
Significance: This emerging model may explain the physiological bias between ligands.

The vasopressin type 2 receptor (V2R) is a critical G protein-
coupled receptor (GPCR) for vertebrate physiology, including
the balance of water and sodium ions. It is unclear how its two
native hormones, vasopressin (VP) and oxytocin (OT), both
stimulate the same cAMP/PKA pathway yet produce divergent
antinatriuretic and antidiuretic effects that are either strong
(VP) or weak (OT). Here, we present a new mechanism that
differentiates the action of VP and OT on V2R signaling. We
found that vasopressin, as opposed to OT, continued to generate
cAMP and promote PKA activation for prolonged periods after
ligand washout and receptor internalization in endosomes.
Contrary to the classical model of arrestin-mediated GPCR
desensitization, arrestins bind the VP-V2R complex yet extend
rather than shorten the generation of cAMP. Signaling is instead
turned off by the endosomal retromer complex. We propose
that this mechanism explains how VP sustains water and Na*
transport in renal collecting duct cells. Together with recent
work on the parathyroid hormone receptor, these data support
the existence of a novel “noncanonical” regulatory pathway for
GPCR activation and response termination, via the sequential
action of f3-arrestin and the retromer complex.
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Arrestin is thought to desensitize heterotrimeric G protein
signaling at the plasma membrane by physically interacting
with activated GPCR,? thus preventing receptor-G protein cou-
pling (1), promoting receptor internalization (2), and promot-
ing the recruitment of enzymes such as cAMP-specific phos-
phodiesterase type 4D or diacylglycerol kinases to enhance
cAMP or diacylglycerol degradation, respectively (3, 4). This
model of arrestin-mediated desensitization has been supported
with extensive work on several GPCRs such as rhodopsin and
the B,-adrenergic receptor, among others, and is considered a
universal and “canonical” mechanism for GPCR desensitization
(5). This model has been challenged by recent studies revealing
that B-arrestins prolong rather than attenuate cAMP stimula-
tion triggered by the parathyroid hormone type 1 receptor (6).
This new finding coupled with the recent observations that the
PTHR along with other GPCRs can sustain heterotrimeric G
protein signaling after internalization to endosomes (6-10)
point to an emerging noncanonical signaling model of GPCR
where B-arrestins prolong rather than attenuate ligand actions
when a receptor internalizes in endosomes (11).

We do not know how many GPCRs exhibit this noncanonical
form of signaling. Several factors led us to investigate the vaso-
pressin type 2 receptor (V2R), a Gg-coupled receptor that con-
trols water and sodium ion homeostasis by regulating their
reuptake in the collecting duct of the kidney (12). These include
the following: 1) a high affinity complex between V2R and its
native ligand, vasopressin (VP), which remains stable and active
(cAMP production) under acidic conditions, pH 5.5, character-
istic of early endosomes (13); 2) the redistribution of VP-V2R-
arrestin complexes to early endosomes (14); 3) distinct physio-

3 The abbreviations used are: GPCR, G protein-coupled receptor; V2R, vaso-
pressin type 2 receptor; VP, vasopressin; OT, oxytocin; PTHR, parathyroid
hormone type 1 receptor; ENaC, epithelial sodium channel; AQP2, aqua-
porin 2; GTPyS, guanosine 5’-3-O-(thio)triphosphate; TIRF, total internal
reflection fluorescence; CFP, cyan fluorescence protein; BisTris, 2-[bis(2-
hydroxyethyl)amino]-2-(hydroxymethyl)propane-1,3-diol; TMR, tetra-
methylrhodamine; MDCK, Madin-Darby canine kidney cell.
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logical responses to its two native and structurally similar
ligands, vasopressin (VP, strong antidiuretic and antinatriuretic
effects) versus oxytocin (OT, weak to no effect) (15-17); and 4)
evidence that a mutant of V2R associated with nephrogenic
diabetes insipidus remains in the endoplasmic reticulum yet
generates CAMP when challenged with a membrane permeant
agonist (18). These observations raised the hypothesis that
internalized VP-V2R complexes could access the machinery for
signaling from membranes inside the cell to continue to stim-
ulate the cAMP/PKA pathway via a noncanonical signaling
model of GPCR.

To address this hypothesis, we used a series of biochemical,
optical, and physiological assays to study V2R signaling in
response to its two native ligands: vasopressin and oxytocin (13,
14). These experiments employed cultured human embryonic
kidney (HEK293) cells stably expressing recombinant V2R and
a line derived from renal principal cells of the mouse collecting
duct, mpkCCD,,, which expresses V2R and the epithelial
sodium channel (ENaC) (19, 20). We found that vasopressin
induces a V2R-active state that promotes cAMP generation not
only at the plasma membrane but also after B-arrestinl/2-me-
diated receptor internalization to endosomes. Oxytocin, how-
ever, did not induce significant B-arrestins binding or V2R
internalization, and cAMP generation ended rapidly after
ligand washout. Sustained cAMP generation triggered by VP
was inhibited by the endosomal retromer complex. As in
HEK293 cells, VP induced greater cAMP generation than
OT in mpkCCDc,, cells and caused a sustained activation of
ENaC on the apical plasma membrane, whereas OT did not.
In both HEK293 and mpkCCD_, , cells, increased expression of
B-arrestins augmented rather than attenuated the duration of
cAMP production. These results indicate that noncanonical
actions of B-arrestins and retromer can be extended to the
regulation of V2R signaling in kidney cells, which may
account for the biological differences between VP and OT on
water and electrolyte homeostasis.

EXPERIMENTAL PROCEDURES

¢DNA Constructs—Vasopressin type 2 receptor (V2R) and
hemagglutinin (HA)-tagged V2R (HA-V2R) cDNAs were pur-
chased from Missouri S&T cDNA Resource Center (Rolla,
MO). V2R was amplified using AccuPrime Taq polymerase
(Invitrogen) to introduce flanking 5'-BglII and 3’-Agel restric-
tion enzyme sites. The digested product was ligated into
pECFP-N1 (Clontech) vector to generate V2R C-terminally
tagged with enhanced CFP (V2R“'").

Cell Culture—Cell culture reagents were obtained from
Invitrogen. Human embryonic kidney cells (HEK293) (ATCC,
Manassas, VA) were cultured in DMEM supplemented with
10% fetal bovine serum at 37 °C in a humidified atmosphere
containing 5% CO,. HEK293 cells stably expressing HA-V2R
were grown in selection medium (DMEM, 10% FBS, 500 wg/ml
neomycin). Culturing of mpkCCD-C14 collecting duct-derived
cells was done as described previously (21, 22). AQP2-MDCK
cells were cultured in DMEM supplemented with 10% fetal
bovine serum and G418 (500 wg/ml) (23). For transient expres-
sion, cells were transfected with the appropriate cDNAs using
FuGENE 6 (Roche Applied Science) according to the manufac-
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turer’s instructions unless otherwise mentioned. We have opti-
mized expression conditions to ensure moderate expression
levels of fluorescent arrestins. We performed Western blots to
verify the levels of fluorescent B-arrestinl or B-arrestin2
expression relative to native B-arrestinl/2 in our experiments.
We also ensured that the expression of fluorescent-labeled
B-arrestinl or B-arrestin2 was similar in the examined cells by
performing experiments in cells displaying comparable fluores-
cence levels.

RNAi and Plasmid Transfections—We depleted the retromer
subunit Vps35 from HEK293 cells using a pre-validated quartet
of siRNA duplex nucleotides (SmartPool, Dharmacon). Control
transfections were done with a scrambled siRNA (OriGene).
Briefly, 24 h after plating, cells were transferred to serum- and
antibiotic-free medium and transfected with X-TremeGene
reagent (Roche Applied Science) according to the manufactur-
er’s directions. Medium was supplemented with serum and
antibiotics 24 h after transfection, and experiments were per-
formed between 72 and 96 h after transfection. Plasmid trans-
fections were done using FuGENE (Roche Applied Science)
according to the manufacturer’s directions.

Total Internal Reflection Fluorescence (TIRF) Microscopy—
Cells plated on poly-p-lysine-coated glass coverslips and main-
tained in FRET buffer were imaged using a Nikon Ti-E inverted
microscope equipped with an oil immersion X60 NA 1.49 plan-
apo TIRF objective and a TIRF excitation arm with motorized
critical angle control (Nikon). Critical angles for CFP and YFP
excitation were determined in advance, and identical angles
were used in every experiment. In-line neutral density filters
were used to minimize bleaching. Excitation light came from a
442-nm solid-state laser (CFP, Melles Griot) and the 514-nm
line of an argon gas laser (YFP, Melles Griot) using appropriate
dichroic filters. YFP was detected using 500 * 20 nm (excita-
tion) and 535 * 30 nm (emission) filters; CFP was detected
using 436 * 20 nm (excitation) and 480 * 40 nm (emission);
and FRET was detected using a 436 * 20 mm (excitation) and a
535 = 30 nm (emission).

In Vitro Activation of Gag—The experiments were per-
formed from membrane preparations of HEK293 cells stably
expressing HA-V2R. Briefly, confluent cells were washed with
ice-cold PBS and incubated with hypotonic buffer (10 mm
Hepes, 0.5 mm EDTA, pH 7.4) for 15 min on ice. Swollen cells
were harvested, collected by centrifugation (100 X g for 10
min), and resuspended in 5 volumes of 10 mm Tris, 1 mm
EDTA, pH 7.4, with a mixture of proteinase inhibitors. Cells
were disrupted with 30 — 40 strokes with a tissue grinder on ice.
Lysates were centrifuged at 1000 X g for 10 min to remove
unbroken cells and large cell debris. The supernatant was fur-
ther centrifuged at 30,000 X g for 20 min at 4 °C. The mem-
brane pellet was resuspended in ice-cold buffer (10 mm Hepes,
0.1 mm EDTA, pH 7.4) and rapidly frozen in liquid nitrogen.
Membranes were stored at —80 °C until used. A small volume
of membrane preparation was kept to determine protein
concentration.

Frozen membrane aliquots (50 ug/tube) were incubated with
100 ul of assay buffer (10 mm Hepes, 100 mm NaCl, 5 mm
MgCl,, pH 7.4) containing 5 um GDP, with or without 100 nm
purified B-arrestin2 (see below) for 45 min at room tempera-
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ture. Then, either 100 nm vasopressin (AVP) and 10 nm
[**S]GTP+S were added for different periods of time at 30 °C.
Incubations were terminated by addition of 800 wl of ice-cold
assay buffer and 100 um GTP+S and transferred on ice. Cell
membranes were recovered from the reaction mixture by cen-
trifugation at 20,000 X g for 10 min. The resulting supernatant
was removed. Membrane pellets were solubilized, and 2 ul of
anti-Gag antibody (Millipore) was added to immunoprecipitate
[**S]GTPyS-bound Gag. Samples were under agitation for 1 h
at 4 °C. Then 20 ul of protein G-Sepharose (Santa Cruz Bio-
technology) was added to each sample and incubated overnight
at4 °C. The beads were washed three times, suspended with 200
wl of 0.5% SDS, and incubated at 90 °C for 2—3 min. The entire
contents of each tube were transferred to a vial containing 5 ml
of scintillation mixture, and radioactivity was counted by
B-emission spectrometry. Note that purified B-arrestin2 used
in these experiments was prepared as described previously (24).

Transepithelial 1., Measurements—mpkCCD_,, cells grown
on Transwell filter supports (Costar) (21) were mounted in
modified Costar Ussing chambers, and the cultures were con-
tinuously short circuited with an automatic voltage clamp
(Dept. of Bioengineering, University of Iowa, Iowa City). Tran-
sepithelial resistance was measured by periodically applying a
2.5-mV bipolar pulse and calculated by Ohm’s law. The bathing
Ringer’s solution composition, gassing, and washing tech-
niques have been described previously (25).

Aquaporin2 Phosphorylation—AQP2 stably transfected
MDCK cells (AQP2-MDCK) were plated on 6-well filt ers (32 X
10* cells/well). Cells were grown on filters for 5 days to be fully
polarized and treated with 50 mM indomethacin overnight to
lower endogenous cAMP levels (26). Culture medium was
replaced with serum- and antibiotic-free DMEM for 2 h before
stimulation. Then cells were treated with or without VP or OT
for 10 min. For washout experiments, cells were washed and
cultured in serum- and antibiotic-free DMEM for 20 min. Fil-
ters were cut from plastic supports and incubated in lysis buffer
(150 mm NaCl, 20 mm Tris-HCIl, 5 mm EDTA, 1% Triton X-100
containing 10 mm NaF and 1 mm Na,;VO,) for 20 min. Cell were
scraped, and cell lysate was then transferred into Eppendorf
tubes, rotated for 30 min at 4 °C, centrifuged for 10 min at
10,000 X g, and 12 ul of reduced samples (6 ug of protein) per
lane were run on a NuPAGE 1.0-mm 15-well 4—-12% BisTris gel
and then transferred onto a PVDF membrane (Invitrogen).
Transferred PVDF membranes were incubated in 5% skimmed
milk in PBS/Tween 0.05% buffer for blocking, then incubated
with primary antibody, diluted 1:5000 —1:10,000 in PBS/Tween
0.05% buffer overnight (Ser(P)-256 and Ser(P)-269 AQP?2 anti-
body) for 1 h (AQP2 polyclonal antibody). Then PVDF mem-
branes were washed four times for 15 min in PBS/Tween 0.05%
buffer (PBST), incubated with HRP-conjugated secondary anti-
body diluted 1:10,000 for 30 min, and washed in 0.05% PBST
four times for 15 min. Signals were visualized using Western
Lightning ECL and Biomax XAR film. The same PVDF mem-
branes were stripped in stripping buffer (0.2 m glycine, 0.05%
Tween 20, pH was adjusted to 2.5 by adding HCI) for 1 h, and
then re-probed with the next antibody. Complete removal of
the first primary antibody was confirmed by incubating the
stripped membrane with secondary antibody (donkey anti rab-
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bit IgG HRP conjugated). The order of detection was Ser(P)-
269, Ser(P)-256, and then total AQP2.

Time-lapse Confocal Microscopy—HEK293 cells stably
expressing HA-V2R were studied by a confocal microscope
using methods described in previous studies (6, 8). In brief, cell
imaging was performed at room temperature in Hepes buffer
containing 0.1% BSA using a Nikon Als confocal microscope
attached to a Ti-E inverted base using a X60 1.45 NA plan-apo
objective. Live cell time-lapse confocal imaging of transfected
cells treated with tetramethylrhodamine (TMR)-labeled vaso-
pressin (VP™PR) (14) was performed at 37 °C using a Nikon
A1-Rs confocal system attached to a Ti-E inverted base and an
apo X60 1.49 NA TIRF objective. The microscope was encased
in a microscope cage incubator to maintain the temperature at
37 °C. HEK293 cells expressing HA-V2R were grown in a Mul-
tiwell 12-well plate (BD Biosciences). Upon reaching 70% con-
fluency, cells were transfected using 3.75 ul of Lipofectamine
2000 and 1 pg of cDNA of green fluorescent protein (GFP)-
tagged B-arrestin 2 (Barr2-GFP), Gag (Gag-GEP), or retromer
(Vps29-YFP). 24 h later, cells were trypsinized and seeded in
glass bottom FluoroDishes (World Precision Instruments,
Sarasota, FL). 24 —48 h later, the cells were washed and imaged
in Hanks’ Buffer (Invitrogen) with 10 mm Hepes, 25 mM sodium
bicarbonate, and 10 mm glucose added to the solution. After the
control picture was taken, 1 um VP™R was incubated with cells
for 10 min, and then ligand was washed out, and images were
taken at the designated time intervals.

FRET Measurements—FRET analysis was performed as
described previously (8). Cells plated on poly-p-lysine-coated
glass coverslips and maintained in FRET buffer were placed on
aNikon Ti-E inverted microscope equipped with an oil immer-
sion X60 NA 1.49 plan-apo objective and a dichroic beam split-
ter to allow simultaneous imaging of CFP and YFP fluorescence
channels (DualView2, Photometrics, Tucson, AZ).

The emission fluorescence intensities were determined at
535 = 15 nm (YFP) and 480 = 20 nm (CFP) with a beam splitter
DCLP of 505 nm. The FRET ratio for single experiments was
corrected according to Equation 1,

ex436/em535 __ [ex436/em480 __ ex500/em535
. <FYFP)_FYFP X a— Fce b X Fife

436/em480
Feee ™
(Eq. 1)

where Foxi36/em335 and Fyi3¢/em80 represent, respectively, the
emission (em) intensities of YFP (recorded at 535 nm) and CFP
(recorded at 480 nm) upon excitation (ex) at 436 nm; a and b
represent correction factors for the bleed through of CFP into
the 535-nm channel (¢ = 0.35) and the cross-talk due to the
direct YFP excitation by light at 436 nm (b = 0.06). Foyy®/em>3°
represents the emission intensity of YFP (recorded at 535 nm)
upon direct excitation at 500 nm, and was recorded at the
beginning of each experiment. Note that bleed through of YFP
into the 480-nm channel was negligible. For each measure-
ment, changes in fluorescence emissions due to photobleaching
were subtracted. To ensure that CFP- and YFP-labeled mole-
cule expression were similar in examined cells, we performed
experiments in cells displaying comparable fluorescence levels.
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The means of intermolecular FRET experiments were calcu-
lated according to Equation 2, which normalizes for different
expression levels of CFP and YFP molecules,

ex436/em535 ex436/em480 __ ex500/em535
Fyep a X Fep b X Fyep

- ex436/emé4: ex500/em535
Nerer [Fex436/em480 . Fex500/em53
VFcre YFP

(Eq.2)

Receptor Degradation Assays—LLC-PK1 cells expressing V2R
C-terminally tagged with enhanced GFP (V2R-GFP) (28) were
grown in 6-cm dishes and transfected with 4 ug of both c-Myc-
tagged Vps29 and Vps26 using 15 ul of Lipofectamine 2000.
After 48 h, cells were incubated with 1 uMm VP for different times
of incubation (30, 60, 120, or 240 min). Cells were then lysed for
20 min at 4 °C in lysis buffer containing 50 mm Tris-HCI, pH
7.4,150 mm NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate,
and 0.1% SDS supplemented with protease inhibitors (Roche
Applied Science). Before Western blot analysis, protein con-
centrations were measured with the bicinchoninic acid protein
assay as recommended by the manufacturer (Invitrogen).
Reduced samples from cell lysates (20 ug) were loaded onto
each lane of a standard NUPAGE 4 —12% BisTris gel and then
electroblotted on Immobilon transfer membranes (Millipore,
Billerica, MA). The filters were blocked with Li-Cor blocking
buffer by shaking for 1 h at room temperature before the incu-
bation (1 h) of the polyclonal anti-GFP (0.4 ug/ml, Molecular
Probes) and monoclonal anti-actin antibody in Li-Cor blocking
buffer, Tween 0.1%. After being washed three times in PBS/
Tween 0.1% buffer, the membranes were incubated with goat
anti-mouse IRdye 800CW and goat anti-rabbit IRDye 680
diluted in Li-Cor blocking buffer. After 1 h of incubation, mem-
branes were washed three times with PBS/Tween 0.1% bulffer.
After two rinses in distilled water, fluorescence in the mem-
branes was recorded by using a Li-Cor infrared imaging system
(Li-Cor Biosciences). Density of protein bands was quantified
using IP Lab Spectrum software (Scanalytics, Vienna, VA).

Western Blot and Immunoprecipitation—Western blot anal-
yses were performed according to standard procedures. Briefly,
HEK?293 cells were transfected and harvested 48 h after trans-
fection. The total protein extract was run on an SDS-PAGE and
blotted onto 0.45-mm PVDF membranes (Bio-Rad). Immuno-
detection of HA-tagged V2R and retromer subunit Vps29***
was carried out using monoclonal anti-HA antibody (Covance
Inc, Denver, PA) and a polyclonal anti-GFP antibody (Invitro-
gen), respectively. Horseradish peroxidase-conjugated donkey
anti-mouse and donkey anti-rabbit antibodies (Jackson Immu-
noResearch, West Grove, PA) were used for the detection of
primary antibody. Antibody binding was visualized with Immo-
bilon ECL reagent (Millipore). Immunoprecipitations were
performed as described previously (6) with the following
changes. HEK293 cells were co-transfected with HA-V2R and
either Vps29”*" or an empty vector control challenged with 100
nM vasopressin as indicated. At designated time points after a
brief ligand challenge, 2.5 mm dithiobis[succinimidyl] propio-
nate cross-linker (Sigma) was added and incubated at room
temperature for 20 min. Medium was then washed once with
PBS and cells were transferred to ice-cold RIPA buffer and
incubated for 20 min. Cells were lysed, and a post-nuclear
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supernatant was prepared by a brief centrifugation (5 min at
5000 X g). A 50-ml aliquot was collected and frozen in Laemmli
sample buffer (Bio-Rad; “2% loaded”), and then lysates were incu-
bated overnight at 4 °C with 20 ul of anti-HA beads (Covance).
Beads were washed four times in cold RIPA buffer. Dried beads
were boiled for 5 min in 40 ml of Laemmli sample buffer and then
loaded onto a 12% SDS-polyacrylamide gel for analysis.

Competition Binding Assay—HEK293 cells expressing HA-V2R
were transfected with both cDNA plasmids of c-Myc-tagged
Vps29 and Vps26 as described above. Cells were grown in
60-mm dishes until confluency (48 h after transfection). Cells
were scraped and homogenized in hypo-osmotic medium (5
mM Tris-HCI, pH 7.3, 3 mm MgCl,, 1 mm EDTA, and protease
inhibitors). After 10 min of centrifugation at 13,000 X g, pellets
were resuspended in binding buffer (25 mm Hepes, pH 7.4, 2
mM MgCl,, 1 mMm tyrosine, 1 mMm phenylalanine, 0.1% bovine
serum albumin) to obtain ~35 ug of protein/ml. The [*H]VP
binding competition assay was performed in a final volume of
250 ul containing ~0.4 ug of protein, [PH]VP (3 nm, PerkinEl-
mer Life Sciences), in the presence of an increasing concentra-
tion of either VP or OT. After 2 h at 4 °C, the incubation was
terminated by adding 5.0 ml of ice-cold 25 mm Tris-HCI, pH
7.4, 100 mm NaCl, 5 mm MgCl,, followed immediately by two
washes by filtration under vacuum through Gelman argon E
glass fiber filters that had been presoaked in binding medium.
Each assay was performed in triplicate. Maximum [*H]VP
binding was evaluated in the absence of competitor peptide,
whereas the nonspecific binding value was defined in the pres-
ence of VP (1 um). Each filter was transferred to a vial contain-
ing 5 ml of scintillation fluid (Optic-Fluor, Packard, Groningen,
The Netherlands). The radioactivity signal was determined
using a liquid scintillation analyzer TriCarb 2200 CA from
Packard Instrument Co. Receptors expressed strongly in
HEK293 cells and bind VP with similar affinity as follows:
B...x = 7.1 = 1.3 fmol/ug of protein and K; = 1.4 = 0.2 for
HA-V2R; and B,,,, = 6.1 = 1.4 fmol/ug of protein and K, =
1.6 = 0.3 nM for V2R“** (mean *+ S.E.; n = 4).

Immunocytochemistry—AQP2-MDCK cells (8 X 10* cells/
well) were plated on Transwell filters (Costar 3460) in 12 wells
and incubated for 5 days to be fully polarized. Cells were treated
with 50 uM indomethacin overnight, and then serum contain-
ing DMEM was replaced with serum- and antibiotic-free
DMEM for 2 h. Cells were treated with or without a saturating
concentration of VP or OT for 10 min. For washout experi-
ments, cells were washed and incubated in serum- and antibi-
otic-free DMEM for 20 min after VP or OT incubation. Cells
were fixed with 4% paraformaldehyde for 10 min, washed in
PBS three times, permeabilized with 0.1% Triton X-100/PBS for
10 min, washed in PBS, blocked in 1% BSA/PBS for 30 min, and
incubated with AQP2 antibody (1:1000) overnight at 4 °C. Cells
were washed in PBS (10 min, three times), incubated with
1:1000 diluted donkey anti-goat IgG, FITC-conjugated anti-
body for 3 h at room temperature, and washed in PBS (10 min,
three times). Finally, cells were mounted on glass slides with
Vectashield mounting medium (Vector Laboratories, Burlin-
game, CA).

Statistical Analysis—Data are expressed as means * S.E. Sta-
tistical analyses were performed using the unpaired Student’s ¢

VOLUME 288+NUMBER 39+-SEPTEMBER 27,2013



test when applicable. Differences were considered significant at
p <0.05.

RESULTS

Sustained cAMP by Internalized V2R—We studied the V2R/
VP/OT signaling systems in HEK293 cells transiently express-
ing recombinant HA-V2R. In the first series of experiments, we
measured CAMP generation and PKA activity in response to
challenge with VP or OT using FRET-based sensors expressed
in the cytosol (epac1-CFP/YFP for cAMP and AKAR3 for PKA)
(29, 30). We found that a brief pulse of VP followed by ligand
washout resulted ina cAMP increase that remained elevated for
about 20 min (Fig. 14, black line). Oxytocin triggered a similar
increase in cAMP, but cAMP returned to its basal level soon
after ligand washout (Fig. 1B). In each case, the time course of
PKA activity mirrored the time course of cAMP generation
(Fig. 1, A and B, red lines). These results show that VP and OT
induce distinct time courses of cAMP/PKA signaling: sustained
after ligand washout in the case of VP, and short and sensitive to
ligand washout in the case of OT.

Consistent with our recent study done with the identical
HEK293/HA-V2R cell model, cAMP generation in response to
one “pulse” of VP is maintained at time points after internaliza-
tion of V2R, which begins as soon as 5 min after challenge with
a saturating concentration of VP (14). These data raised the
hypothesis that sustained cAMP signaling mediated by VP is
associated with internalization of V2R in early endosomes.
Although residual V2R is often observed on the cell surface
after challenge and ligand washout, most to all of VP™?® inter-
nalizes (14), indicating that the majority of VP-V2R complexes
are within the cytoplasmic compartment and may continue to
signal.

To test this hypothesis, we measured the time course of
cAMP generation mediated by VP when V2R internalization
was inhibited by co-expressing a dominant-negative mutant of
dynamin 1, Dyn****, which blocks internalization by clathrin-
and caveolin-dependent pathways (Fig. 1C, left panel) (31), or
using a biosensor limited to the plasma membrane (epacl-CFP/
YFP®™) (Fig. 1C, right panel) (32). In both experiments, we
measured much shorter time courses of cAMP generation
compared with the cytosolic cAMP sensor and V2R that is com-
petent to internalize (Fig. 1A, left panel). These differences in
cAMP generation were significant, as measured by the inte-
grated area under the curve (Fig. 1D). These data thus support
the hypothesis that internalization is a necessary component of
persistent CAMP generation by V2R.

Control of V2R Signaling by Arrestin—VP is known to induce
an interaction between V2R and B-arrestins that persists during
receptor internalization (33). This fact coupled with our evi-
dence for a persistent cAMP signaling by internalized V2R con-
flict with the traditional understanding of arrestin-mediated
receptor desensitization. To investigate the influence of arres-
tin on V2R signaling, we first verified that B-arrestin2 (Barr2)
binds and internalizes with VP-V2R. To this end, we measured
the association of Barr2 and V2R mediated by VP at the plasma
membrane by measuring FRET between V2R tagged with the
cyan fluorescent protein (V2R“") and Barr2 tagged with the
yellow fluorescent protein at its N terminus (***Barr2) (Fig.
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FIGURE 1. Internalization and arrestin binding regulate the time course
of cAMP signaling mediated by V2R. A and B, averaged time course of cAMP
generation (black) and PKA activity (red) measured by FRET-based biosensors
in HEK293 cells expressing the human V2R and a cytoplasmic sensor for cAMP
(Epac-CFP/YFP) or a sensor for PKA activity (AKAR3). Cells were perfused with
buffer or with ligand (horizontal bars representing 30 s of a saturating con-
centration of either VP (100 nm) (A) or OT (10 um). Data represent the mean =
S.E., of N = 3 experiments and n = 28 cells. The expression level of B-arrestins
was titrated by either overexpression of a dominant-active mutant (Barr1(IV-
AA), middle panel) or depletion of both B-arrestins by siRNA (right panel). C,
averaged time course of CAMP generation in HEK293 cells expressing V2R and
a dominant-negative mutant of dynamin 1 that prevents receptor internal-
ization (K44A, right panel) or in which cAMP detection was limited to the
plasma membrane by expression of a plasma membrane-limited mutant of
the biosensor epac1“F"Y** (right panel). Note that FRET was detected using
TIRF microscopy. D, total cCAMP production of data shown in A-C as measured
by the integrated area under the curve. All manipulations are significant at
least to p = 0.05 by one-way analysis of variance and pairwise comparison
with controls challenged with VP (black) or OT (gray); in all cases N = 3. A.U.,
arbitrary unit. ¥, p < 0.05; **, p < 0.01; ***, p < 0.001. E, native B-arrestins were
depleted from HEK293 cells as described under “Experimental Procedures,”
and the reduction of native protein was shown by Western blotting. ctrl,
control.

2A). Using TIRF microscopy to limit measurements to within
~100 nm of the plasma membrane, we found that a strong and
durable association of Y**Barr2-V2R occurred within minutes,
whereas a short challenge with OT induced a small and tran-
sient Barr2 association (Fig. 2B, green and blue lines). The FRET
signal at the plasma membrane reached its peak within 5 min
and then declined, coinciding with internalization of the V2R-
Barr2 complex (as measured by the disappearance of both CFP
and YFP fluorescence). We then measured FRET using wide
field epifluorescence to measure the Barr2 and V2R interaction
within the cell rather than at the plasma membrane. In this case,
V2R-Barr2 association was detectable for at least 30 min after
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FIGURE 2. Arrestin control of V2R signaling. A, Western blot showing
expression of both recombinant p-arrestin1(IV-AA) (left panel) and
B-arrestin2¥F" (right panel). B, FRET between V2R-CFP and Barr2-YFP, as meas-
ured by TIRF microscopy (green, blue) or by epifluorescence (black). Horizontal
barindicates that cells were challenged for 30 s with either 100 nm VP or 10 um
OT and then washed with buffer. Data represent the mean = S.E. of N = 3
experiments and n = 28 cells. Cand D, time course (C) and basal activity (D) of
[**SIGTP¥S binding to Gas was measured in plasma membrane extracts of
HEK293 cells expressing V2R with or without purified B-arrestin2 (red line).
ANOVA, analysis of variance. Data represent mean = S.E.of n = 4independent
experiments. ctrl, control. **, p < 0.01.

ligand washout, indicating that the V2R-Barr2 complex per-
sisted during V2R endocytosis (Fig. 2B, black line). The dura-
tion of V2R-Barr2 association in this case corresponded well
with the prolonged generation of cAMP observed when Barr2
was overexpressed (Fig. 14) (6).

We confirmed that Barr2 does not prevent Gg activation in
response to VP by measuring the binding of [**S]GTPYS (a
nonhydrolysable analog of GTP) to Gag by in vitro assays using
purified Barr2 and plasma membrane extracts from HEK293
cells expressing V2R. Membranes were incubated at different
time points with VP in the absence or presence of purified
Barr2. We found that Barr2 did not inhibit the capacity of VP to
activate Gg but rather increased it (Fig. 2C). Importantly, our
previous studies showed that purified Barr2 reduced GTPvyS
binding to Gag in response to isoproterenol (24). These data
underline a key difference between receptors that are desensi-
tized by B-arrestins such as the B,-AR and those that are not
such as the V2R and the PTHR (11).

Retromer and the Termination of VP-V2R Signaling—If B-ar-
restins do not terminate V2R signaling in response to VP, what
other factor could be involved? A likely candidate is the retro-
mer complex, a soluble heterotrimer complex that binds cargo
on early endosomes and sorts it to various destinations, such as
the Golgi network (34-36), and that desensitizes sustained
cAMP signaling after internalization of another GPCR, the
PTHR (6). It is notable that one subunit of retromer, Vps26, has
a remarkable structural similarity to B-arrestins (37), although
the mechanistic relevance of this apparent homology remains
to be shown.
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FIGURE 3. Retromer binds V2R and desensitizes VP-mediated cAMP gen-
eration. A, co-localization of V2R (red) and Vps29"™ (green) in HEK293 cells
challenged with 100 nm VP (arrow) and imaged using time-lapse confocal
microscopy. Co-localization between V2R and retromer is shown (insets) and
was quantified using Pearson'’s coefficient. Bars represent mean = S.E.of N =
3 experiments and n = 14 cells. The bar represents 10 um. B, binding of V2R
and retromer was measured in HEK293 cells transfected with HA-V2R along
with either Vps29"™, Vps26, and Vps35 after a challenge with VP (100 nm) or
carrier followed by immunoprecipitation (/P) and Western blot analysis. /B,
immunoblot. Image is representative of n = 4 independent experiments. C,
time course of cAMP generation in HEK293 cells transfected with cDNAs
encoding V2R and Epac-CFP/YFP along with either siRNA against the retro-
mer subunit Vps35 (si-Vps35) or plasmids encoding the retromer subunits
Vps26, Vps29, and Vps35 (retromer). The horizontal bar indicates a 30-s chal-
lenge with 100 nm VP followed by washout with buffer. Vertical bars represent
mean = S.E. of N = 3 experiments and n = 28 cells. ctrl, control. D, total CAMP
signaling of cAMP curves shown in A and B, as measured by the integrated
area under the curve. *, p < 0.05; **, p < 0.01. E, measurement of Vps35
depletion by Western blot. F, affinity of V2R cells in the presence of overex-
pressed retromer was measured by competition binding assay in HEK293
cells. G, degradation of VP-challenged “*PV2R in HEK293 cells (left panel) and
HEK293 cells overexpressing Vps26/29 (right panel) was measured by West-
ern blot.

We found significant co-localization between V2R“** and
the Vps29 subunit of retromer tagged at its C terminus with
YEP (Vps29™*P) (Fig. 3A). This increase in co-localization was
significant (Fig. 34, lower panel) and coincided with time points
when VP-stimulated cAMP generation begins to decrease

VOLUME 288+NUMBER 39+-SEPTEMBER 27,2013



(15-20 min) (Fig. 1A). Using immunoprecipitation assays, we
further confirmed that Vps29 interacts with V2R at 5 min after
VP challenge, and we observed a significant increase in binding
by 20 min (Fig. 3B), again consistent with the timing of cAMP in
these cells (Figs. 14 and 3C).

To test whether retromer influences the generation of cAMP
by VP-V2R, we titrated expression of the retromer subunits
Vps26/29/35 and measured the extent and time course of
cAMP production using by FRET. Overexpression of the solu-
ble Vps26/29/35 heterotrimer shortened the time course of
cAMP signaling, whereas depletion of the subunit Vps35 by
siRNA (Fig. 3E) (6) resulted in prolonged generation of cAMP
relative to control cells (Fig. 3C). The effect of retromer deple-
tion and overexpression on cAMP was statistically significant,
as measured by quantifying the integrated area under the curve
(Fig. 3D). Changing the expression level of retromer did not
alter the number or affinity of V2R at the plasma membrane, as
measured by radioligand binding (Fig. 3F). These data indicate
that retromer inhibits cCAMP signaling of VP-bound V2R on
intracellular membranes.

To determine whether retromer influences degradative traf-
ficking of V2R to the lysosome, we measured the abundance of
V2R degradation by-products (28) in HEK293 cells expressing
V2R along with either Vps26/29/35 or a control plasmid. West-
ern blot analysis showed no significant increase of V2R degra-
dation in the presence of overexpressed retromer (Fig. 3G),
indicating that its influence on the degradation of V2R is neg-
ligible. It is therefore unlikely that retromer influences V2R
signaling solely through influencing degradative traffic, but
rather it inhibits cCAMP generation by direct binding to V2R on
endosomes.

Internalization of a V2R Signaling Complex—Next, we asked
whether B-arrestins enhance or reduce VP-mediated cAMP
generation in living cells. We used a mutant of B-arrestin 1,
1386A/V387A (hereafter noted Parrl(IV-AA)) that has
increased binding affinity for activated GPCR and for the AP-2
clathrin adapter (6, 38, 39). A version of this mutant tagged at its
N terminus with tdTomato (**™Barr1(IV-AA)) rapidly associ-
ated with V2R“F? on the plasma membrane in response to VP
and formed complexes that persisted on intracellular vesicles
for up to 50 min after ligand challenge. Wild-type B-arr1 disso-
ciated from internalized V2R and returned to the cytosol
20 —40 min after ligand challenge (Fig. 4, A and B). Overexpres-
sion of “™Barr1(IV-AA) enhanced cAMP generation and PKA
activity after challenge with either VP (Fig. 14) or OT (Fig. 1B),
whereas depletion of Barrl and Barr2 by siRNA (40) reduced
cAMP generation in response to VP (Fig. 1A, quantified in Fig.
1D). Depletion of B-arr1/2 had less effect on cAMP generation
after OT challenge (Fig. 1B), possibly consistent with the small
amount of Barr2 that binds V2R in response to OT (Fig. 24).
These data thus support a model in which B-arrestins promote
rather than attenuate cAMP signaling mediated by VP. How-
ever, brief perfusion with OT did not induce detectable V2R“*"
internalization or co-localization between V2R“*" and endo-
somes labeled with Vps29™*" (Fig. 4C), indicating that the brief
generation of cAMP by OT-V2R (Fig. 1B) occurs at the plasma
membrane.
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FIGURE 4. Significance of internalization for V2R signaling. A, co-localiza-
tion of B-arr1*™™ (red, top row) or B-arr1(IV-AA)*®™ (red, bottom row) and
V2RP (green) in HEK293 cells after a challenge with vasopressin (100 nm). The
bar represents 10 wm. B, time course of cCAMP generation in HEK293 trans-
fected with B-arr1(IV-AA)*™ (red) or a control plasmid (green). Gray bars rep-
resent the mean = S.E., of N = 3 experiments and n = 28 cells. Time points
indicated in B correspond to panel numbers in A. C, time-lapse confocal imag-
ing of V2R“" (red) and the retromer subunit Vps29¥" (green) at time points
(min) shows no internalization of V2R after challenge with a saturating con-
centration of OT. Bar, 10 um.

In light of reports that PTHR internalizes in a functional
complex that includes Barr1 (or Barr2) and Gag (24), we sought
to test whether V2R also internalizes in a complex that is com-
petent for signaling. We found that *™Barr1(IV-AA), which
significantly enhances cAMP generation by V2R, does co-inter-
nalize with Gag©*" after VP challenge of V2R (Fig. 54). We next
used TMR-labeled VP (VP™R®) and either GFP-labeled Gayg
(GasS*) or fluorescent forskolin ("°4PYESK) to show that VP-
challenged V2R also internalizes with both Gag and adenylate
cyclases, the key proteins necessary for cAMP generation (Fig.
5,Band C).

V2 Signaling in Cells of the Renal Collecting Duct—In princi-
pal, cells of the renal collecting duct epithelium and activation
of PKA by VP lead to the accumulation of two passive channels
into the apical plasma membrane as follows: the water channel
aquaporin 2 (AQP2) and the ENaC (41, 42). When localized to
the plasma membrane, these channels promote re-uptake of
water and sodium ions from the urine by permitting their rapid
transport into the cells down favorable osmotic and electro-
chemical gradients.
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FIGURE 5. Internalization of a functional V2R-B-arrestin signaling com-
plex. A, co-internalization of B-arrestin and Gas was demonstrated by chal-
lenging HEK293 cells expressing V2R along with Gag tagged with GFP
(Gas®F) and B-arrestin1(IV-AA) labeled at its N terminus with dTomato
(@T°™Barr1(IV-AA)). Band C, HEK293 cells expressing HA-V2R and Ga®™ (B) or
stained with fluorescent forskolin (°P°¥PYFSK) and then fixed (C) were chal-
lenged with VP™® and visualized at the designated time points using confo-
cal microscopy. Bar, 10 um.

Both VP and OT stimulated the generation of cAMP in
mpkCCD¢,, cells, as shown by a rapid increase in the FRET
ratio (Fcpp/Fypp) (Fig. 64). As the native oxytocin receptor cou-
ples with G; or G, but not Gg (43), this shows that both OT and
VP can induce V2R-mediated signaling in relevant cells of the
kidney. Cyclic AMP generation by OT returned back to initial
levels upon ligand washout, whereas VP induced a stronger and
prolonged generation of cAMP (Fig. 6A4). As in HEK293 cells,
expression of B-arr1(IV-AA) prolonged significantly the cAMP
elevation in response to VP (Fig. 6A4), supporting the hypothesis
that noncanonical signaling of V2R is also relevant in cells
derived from the kidney. These results were significant, as
measured by the integrated area under the curve (Fig. 64, right
panel).

In principal, the cells of the collecting duct, the immediate
consequence of CAMP generation by V2R, is a PKA-dependent
increase in the permeability of the apical membrane to water
and sodium (44, 45). Sodium transport involves ENaC, an ion
channel that is regulated in part by its expression level at the
apical plasma membrane. In resting cells, ENaC undergoes a
constitutive cycle of rapid ubiquitin-dependent internalization
from the plasma membrane to specialized endosomes (46).
When activated, PKA phosphorylates and inhibits the E3 ubiq-
uitin ligase Nedd4-2, preventing the internalization of ENaC
and causing it to accumulate on the apical plasma membrane
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FIGURE 6. Differential actions of oxytocin and vasopressin on kidney
cells. A, cAMP was measured in mpkCCDc, , cells using the epac1-CFP/YFP
biosensor, as described above. Means * S.E. of integrated cAMP generation
(right panel), N = 13. A.U., arbitrary unit. *, p < 0.05; **, p < 0.001. B, transepi-
thelial current of polarized mpkCCDc, , cells was measured electrophysiologi-
cally by mounting permeable supports in Ussing chambers. Addition of VP or
OT to the basolateral chamber (black bar) was followed by washout of the
basolateral chamber with 5X volume of fresh medium (broken bar). The
decrease in conductance at this time is an artifact attributable to washing.
Vertical deviations (green arrows) represent £2-mV voltage clamp pulses
induced once each minute to verify the continued epithelial integrity.
Amiloride was added at the end of each experiment to verify that >95% of
the measured current was attributable to ENaC (right panel). Means = S.E. of
the slope of transepithelial current versus time after peak current at ~6 min,
N =6.* p < 0.05.C, phosphorylation of AQP2 residues Ser-256 and Ser-269
after challenge with VP or OT for 10 min and measured without ligand wash-
out (10 min) or after a 20-min ligand washout (10 min, w/o 20 min). D, corre-
sponding band intensities from A were quantified by densitometry. Data rep-
resent the mean = S.E.,, of n = 3 separate experiments. **, p < 0.01; ***, p <
0.001. E, translocation of AQP2 from the cytosol (center of cell) to the apical
plasma membrane (apical PM) of a polarized monolayer of MDCK cells after
challenge with VP or OT for 10 min and measured without ligand washout (10
min), or after a 20 min ligand washout (10 min, w/o 20 min). Bar, 10 um.

ASBEMB\_ VOLUME 288-NUMBER 39-SEPTEMBER 27, 2013



(44). To evaluate the relative influence of VP and OT on ENaC
activity, we measured the amiloride-sensitive transepithelial
current (i.e. ENaC activity (47)) in polarized mpkCCDc,, cells
following agonist challenge (Fig. 6B, black bar). A short chal-
lenge with OT or VP induced a rapid increase in apical sodium
permeability, but only in the case of VP did permeability persist
atits maximum level for more than 40 min after ligand washout.
Sodium permeability decreased after washout of OT (Fig. 6B),
as shown by measuring the slope of transepithelial current over
time after its maximum at ~6 min after ligand challenge (Fig.
6B, right panel). These results show that the apical membrane
transport of ENaC correlates with the sustained cAMP
response mediated by VP.

Predicting Aquaporin-2 Phosphorylation and Its Apical
Membrane Translocation—As with sodium ions, the regulated
reuptake of water from the urine depends on a passive channel,
AQP2, which accumulates on the apical plasma membrane in
response to V2R activation. Collecting duct epithelium is
water-impermeable to an unusual degree (48, 49), and thus
water can only pass down a favorable osmotic gradient from the
urine to the blood when AQP2 channels are expressed at the
apical membrane. Phosphorylation of C-terminal residues of
AQP2 by PKA blocks its constitutive internalization (42, 50,
51), resulting in increased water absorption from the renal col-
lecting duct and more concentrated urine. Our model predicts
that a short challenge with VP, but not OT, should cause sus-
tained AQP2 expression on the apical membrane of kidney
cells. This would lead to greater water permeability and explain
the strong antidiuretic effect of VP over other ligands of V2R.
We tested this prediction in MDCK cells that stably express
c-Myc-tagged AQP2.

We examined the effect of VP and OT on AQP2 phosphory-
lation at two key sites required for its retention at the plasma
membrane, Ser-256 and Ser-269 (42). A 10-min challenge with
VP caused a strong increase in Ser-269 phosphorylation (p269)
by 9-fold over basal conditions. This increase persisted well
after ligand washout, whereas challenge with oxytocin caused a
phosphorylation increase that was both small in magnitude
(=3.3-fold over basal conditions) and brief, in that it did not
persist after washout of ligand (Fig. 6, C and D). Phosphoryla-
tion at Ser-256 was not affected during these incubations.

We next challenged these cells with VP or OT and visualized
localization of AQP2 by confocal microscopy using anti-AQP2
antibody (52). AQP2 localized to the cytoplasm in resting cells,
but translocation to the apical plasma membrane was observed
after challenge with either VP or OT (Fig. 6E). Twenty minutes
after ligand washout, AQP2 localized to the apical plasma
membrane in cells challenged with VP but had returned to the
cytoplasm in cells challenged with OT (Fig. 6E). This further
demonstrates that even a short pulse of VP induces a prolonged
apical localization of AQP2, whereas OT has an effect that is
much more transient.

DISCUSSION

By studying the effects of brief pulses of vasopressin on
cAMP responses and V2R internalization, we have provided
strong evidence indicating that prolonged generation of cAMP
by V2R requires both internalization of the receptor and arres-
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tin binding as follows: 1) a plasma membrane-restricted cAMP
sensor detected much shorter generation of cAMP relative to a
sensor located in the cytosol; 2) inhibition of receptor internal-
ization with a dynamin 1 dominant-negative mutant led to a
shorter generation of cAMP; 3) a high level of cCAMP was
observed with near-complete redistribution of VP-V2R com-
plexes to endosomes that also contain B-arrestins, Gg, and
adenylate cyclases; and 4) a B-arrestinl mutant with increased
affinity for active receptors prolongs cAMP generation to VP,
whereas arrestin depletion reduces the duration of the cAMP
response.

Regarding desensitization of V2R, our work shows that sig-
naling by internalized V2R is halted by the retromer sorting
complex, which is most well characterized as a mediator of
endosome-to-Golgi retrograde transport (34). Retromer co-lo-
calized with V2R after internalization and formed a complex
with it; titrating retromer expression by transgene overexpres-
sion or by siRNA knockdown showed that retromer has an
antagonistic effect on cAMP generation by V2R. Together with
recent work on B-arrestins and the PTHR (6, 9, 10, 53), this
work supports a new noncanonical model of GPCR signaling,
wherein B-arrestins augment rather than attenuate hormone
actions and in which desensitization is instead mediated by the
retromer sorting complex on early endosomes.

The physiological significance of this new model is best
appreciated when comparing the actions of vasopressin and
oxytocin, two structurally similar V2R ligands, which stimulate
the cAMP/PKA pathway resulting in water and sodium chan-
nels translocation to the apical membrane of renal collecting
duct cells. This process increases the transport of water and
sodium from urine in medullary and cortical collecting ducts of
the kidney. Both hormones can be used for treatment of diabe-
tes insipidus, but VP has strong antidiuretic and antinatriuretic
effects as opposed to oxytocin, which has weak effects only
measurable in the absence of natural vasopressin (54, 55). The
mechanism that differentiates the two hormones is unclear, but
this study provides a molecular and cellular basis for a better
understanding of how VP and OT could induce differing effects
on water and electrolyte homeostasis, whereas VP initiates a
persistent mode of cAMP generation that is dependent on V2R
internalization and is enhanced by arrestin, OT initiates a sig-
naling pathway that largely does not involve arrestin and is lim-
ited to the plasma membrane. Given that V2R signaling via the
cAMP/PKA pathway controls the transport of water and
sodium channels to the apical membrane of collecting duct epi-
thelia (Fig. 7), it is reasonable to link the strong antidiuretic
effect of VP to its capacity to sustain a cCAMP signal when the
VP-V2R complex internalizes. In contrast, OT by limiting its
action to V2R at the plasma membrane, transiently producing
cAMP, has a lower capacity to stabilize AQP2 and ENaC
expression at the apical surface, and it is thus less antidiuretic
than VP.Itis notable even in the case of OT that overexpression
of an arrestin mutant that stabilizes the receptor-arrestin com-
plex caused a strong increase in CAMP generation and PKA
activity. This suggests that noncanonical signaling is a property
of the receptor rather than unique to an agonist ligand such as
VP, and that the main difference between OT and VP lies in the
ability to promote a stable interaction with arrestin.
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FIGURE 7. Model of regulation of water transport in epithelial cells of the
kidney by V2R. VP binding to the V2Rinduces B-arrestin1/2 binding (red) and
internalization of a VP-V2R-arrestin complex, which continues to generate
cAMP via adenylyl cyclase (AC, gray) from endosomes until bound by retro-
mer (orange). cAMP-activated protein kinase A (PKA) stimulates phosphory-
lation of the water channel AQP2 (blue) on serine 269, stabilizing its localiza-
tion to the apical plasma membrane. OT also activates PKA via generation of
cAMP from the basolateral plasma membrane, but OT does not induce a
sustained cCAMP response upon B-arrestin1/2 mobilization or internalization
of active receptor. This causes a transient phosphorylation of AQP2 and tran-
sient localization of AQP2 in the apical plasma membrane.
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Much remains unknown about how VP-V2R induces persis-
tent signaling and OT-V2R does not. It remains to be shown, for
example, how p-arrestinl/2 binding can stabilize active
VP-V2R, whereas retromer destabilizes or inhibits the com-
plex. One possibility is that arrestin stabilizes an active state of
V2R that can activate Gg for as long as the complex persists.
Retromer, however, could bind endosomal V2R and stabilize an
inactive state that is not competent to activate G proteins. If
binding of retromer and B-arrestins is mutually exclusive, this
would set up a competitive relationship that is consistent with
previous observations (6).

One can also ask how VP-bound V2R can bind arrestin and
yet continue to interact with and activate Gg proteins. No evi-
dence exists that B-arrestins can bind directly to Gag, although
a modified n-formyl peptide receptor with Ge; fused to its C
terminus does bind B-arrestinl and internalize, indicating that
it is possible for Parrl to associate with a G protein-bound
GPCR (56). A recent study indicates that in the case of PTHR, in
fact B-arrestinl or -2 stabilizes a ternary signaling receptor-
arrestin-Gfy complex that augments rather than attenuates
PTHR signaling by increasing the steady-state level of activated
Gg (24). Whether or not a VP could establish a ternary signaling
complex with V2R, G+, and Barrl/2 that sustains Gg activa-
tion remains to be determined.

If a GPCR binds its ligand with higher affinity than it binds
B-arrestins, then B-arrestins could periodically leave the acti-
vated receptor exposed for further cycles of G protein activa-
tion. This is supported by FRAP analysis of Barr1-PTHR com-
plexes on early endosomes, which showed a significant
turnover of Barrl molecules. However, a mutant Barrl that
binds activated PTHR with much higher affinity also enhances
cAMP production, which would not be possible under the
exchange model (6). Thus, sustained B-arrestin interaction,
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mediated by strong receptor-ligand binding and permitting a
more stable GPCR-G By binding, likely promotes the sustained
signaling that characterizes a noncanonical signaling.

It is possible that V2R dimerizes (27). If so, then one receptor
could bind to a B-arrestin isoform and mediate internalization,
whereas the other activates Gg. Finally, it is possible that the
rather large third intracellular loop of V2R (42 residues) allows
interactions with multiple effector proteins at one time. In this
case, high affinity B-arrestin mutants, and ligands that induce
stable B-arrestin binding, could prolong cAMP generation by
blocking access to accessory proteins that do decouple G pro-
tein activation proteins, such as retromer, that mediate recep-
tor desensitization.

In summary, we found that vasopressin can induce a mode of
V2R signaling that is characterized by internalization of active
receptor and positive feedback from B-arrestinl/2, whereas
oxytocin induces a briefer signal generation that is limited to
the plasma membrane. These different kinetics of CAMP signal-
ing can explain the stark difference that we observed in the
translocation of key proteins involved in water and sodium
homeostasis in polarized epithelia of the kidney. Our results
indicate that persistent signaling and internalization of acti-
vated V2R can at least partly explain the significant physiolog-
ical differences between VP and OT when used as a therapy for
disorders of water and electrolyte transport.
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