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1  |   INTRODUCTION

Body water balance is regulated chiefly by the peptide hor-
mone vasopressin, which acts in the kidney to control the 
rate of water excretion.1 Vasopressin regulates water excre-
tion chiefly by controlling the osmotic water permeability 

of collecting duct cells through changes in the abundance 
and cellular distribution of the water channel aquaporin-2 
(AQP2).2 The permeability changes, therefore, determine 
whether luminal water is returned to the general circulation 
(high vasopressin) or excreted in the urine (low vasopres-
sin). The regulation of osmotic water transport in the renal 
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Abstract
Vasopressin regulates renal water excretion by binding to a Gαs-coupled receptor 
(V2R) in collecting duct cells, resulting in increased water permeability through 
regulation of the aquaporin-2 (AQP2) water channel. This action is widely accepted 
to be associated with cAMP-mediated activation of protein kinase A (PKA). Here, 
we use phosphoproteomics in collecting duct cells in which PKA has been deleted 
(CRISPR-Cas9) to identify PKA-independent responses to vasopressin. The results 
show that V2R-mediated vasopressin signaling is predominantly, but not entirely, 
PKA-dependent. Upregulated sites in PKA-null cells include Ser256 of AQP2, which 
is critical to regulation of AQP2 trafficking. In addition, phosphorylation changes in 
the protein kinases Stk39 (SPAK) and Prkci (an atypical PKC) are consistent with 
PKA-independent regulation of these protein kinases. Target motif analysis of the 
phosphopeptides increased in PKA-null cells indicates that vasopressin activates one 
or more members of the AMPK/SNF1-subfamily of basophilic protein kinases. In 
vitro phosphorylation assays using recombinant, purified SNF1-subfamily kinases 
confirmed postulated target specificities.  Of interest, measured IBMX-dependent 
cAMP levels were an order of magnitude higher in PKA-null than in PKA-intact 
cells, indicative of a PKA-dependent feedback mechanism. Overall, the findings sup-
port the conclusion that V2-receptor mediated signaling in collecting duct cells is in 
part PKA-independent.
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collecting duct is accomplished largely through two mech-
anisms: (a) control of membrane-trafficking, which carries 
AQP2 water channels to and from the apical plasma mem-
brane 3,4; and (b) control of transcription of the Aqp2 gene,5-7 
which codes for AQP2.8

Signaling pathways responsible for vasopressin action 
in renal collecting duct cells are incompletely understood. 
What is known is that vasopressin binds to a G-protein 
coupled receptor (GPCR), namely the vasopressin V2 re-
ceptor (V2R), which activates adenylyl cyclase through the 
heterotrimeric G-protein α subunit Gαs, thereby increasing 
intracellular cyclic-AMP (cAMP). Although cAMP can act 
in the cell via other effectors, it is generally believed that 
protein kinase A (PKA) is responsible for vasopressin's 
effects on AQP2 trafficking and transcription. This view 
was supported by recent studies in which both genes coding 
for PKA catalytic subunits were deleted in cultured col-
lecting duct cells (mpkCCD).9 Although these PKA-null 
cells grew well and maintained their normal epithelial po-
larity, both apical trafficking of AQP2 and transcription of 
the Aqp2 gene were virtually completely ablated, implying 
that PKA is important for AQP2 regulation by vasopressin. 
However, whether vasopressin exerts some of its actions 
through PKA-independent signaling pathways is thus far 
unclear.

In our previous paper,9 we compared vasopressin-treated 
PKA-null cells with vasopressin-treated PKA-intact cells, but 
did not investigate phosphoproteomic responses to vasopres-
sin in these two cell lines. To identify vasopressin-dependent 
signaling pathways in PKA-intact and PKA-null mpkCCD 
cells, we have now carried out large scale phosphoproteomic 
analysis using quantitative protein mass spectrometry. The 
data allowed us to create two publicly accessible online data-
bases (for vasopressin responses in PKA-intact and PKA-null 
cells, respectively) to serve as resources for future studies of 
V2R signaling and signaling mediated by other Gαs-coupled 
receptors. The data in PKA-null cells allowed identification 
of several protein kinases, viz., SPAK (Stk39), PKC-iota 
(Prkci), and one or more members of the SNF1-subfamily of 
protein kinases, as regulated targets of vasopressin in the ab-
sence of PKA. In vitro nLC-MS/MS-based phosphorylation 
assays using recombinant, purified protein SNF1-subfamily 
kinases confirmed postulated target specificities.

2  |   MATERIALS AND METHODS

2.1  |  Reagents

Unless mentioned otherwise, all chemicals and reagents ex-
cept the one used for proteomics sample preparation were 
purchased from Sigma (St. Louis, MO). The reagents used 
for proteomics sample preparation and nLC-MS/MS analysis 

were purchased from Thermo Fisher Scientific (Waltham, 
MA) unless stated otherwise.

2.2  |  Cell lines

Three clones each of PKA-null and PKA-intact mouse kidney 
collecting duct cell lines, derived from mpkCCD clone 11-38 
(mpkCCDC11-38) using CRISPR-Cas9 to introduce mutations 
were used for this study.9 All experiments were performed 
with passages from 10 to 20 relative to the production of the 
original CRISPR clones.

2.3  |  Cell culture

Cells were maintained in complete medium containing 
DMEM/Ham's F-12 medium (DMEM/F-12), 2% (v/v) FBS 
plus supplements (5 μg/mL insulin; 50 nM dexamethasone; 
1 nM triiodothyronine; 10 ng/mL epidermal growth factor; 
60  nM sodium selenite; 5  μg/mL transferrin) at 37°C and 
5% (v/v) CO2. For all experiments, cells were seeded onto 
permeable membrane supports (Transwell, 0.4 µm Polyester 
membrane; cat. no. 3450)(Corning Costar, Corning, NY) 
with complete media for 4-7  days to allow the formation 
of a confluent epithelial monolayer with cell polarization. 
Then, the media were changed to serum-free simple media 
(DMEM/F12 containing 50 nM dexamethasone, 60 nM so-
dium selenite, and 5 μg/mL transferrin) for 3 days to induce 
cellular differentiation and to ensure complete polarization. 
Except where indicated, the basolateral medium was identi-
cal with the apical media except for the addition of 0.1 nM 
of the vasopressin analog, D-amino D-arginine vasopres-
sin (dDAVP). Transepithelial resistances were measured 
by voltmeter (EVOM2, WPI, Sarasota, FL). The apical and 
basolateral media were changed daily.

2.4  |  Stable-isotopic labeling with amino 
acids in cell culture (SILAC) and short-term 
dDAVP stimulation

The cells were labeled by growing in complete SILAC medium 
(Thermo Fisher) containing either heavy (13C6

15N4 arginine 
and 13C6 lysine) and light (12C6

14N4 arginine and 12C6 lysine) 
amino acids. The cells were cultured for 17 days (five passages) 
to reach >99.9% labeling.10 Heavy- or light-labeled cells were 
then grown on separate 6-well Transwell plates (containing la-
beled amino acids) for 7 days in complete SILAC medium and 
for 3 days in simple SILAC medium in the presence of dDAVP 
(0.1 nM) in basolateral media. On the 10th day, following a 
2  hour dDAVP wash-out period, light-labeled and heavy-
labeled plates were treated with 0.1  nM dDAVP or vehicle, 
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respectively, for 30 minutes. The cells were washed with PBS 
and stored immediately at −80°C until further processing.

2.5  |  Sample preparation for total 
proteomics and phosphoproteomics

The cells were thawed on ice and treated with urea buffer 
(8 M urea, 50 mM Tris·HCl, 75 mM NaCl, 1 × Halt protease 
and phosphatase inhibitors), scraped and sonicated (duration: 
2 min, pulse/pause: 2  s/2  s, output level = 1) to solubilize 
proteins. Following measurement of protein concentration 
(BCA reagent), equal amounts of heavy- and light-labeled 
protein extracts were mixed (total, 2.5 ± 0.4 mg). The mixed 
samples were reduced with 20 mM DTT for 1 hour at 37°C, 
and then alkylated with 40 mM iodoacetamide for 1 hour at 
25°C in the dark. The samples were diluted with 20 mM tri-
ethylammonium bicarbonate buffer (pH 8.5) to 1 M urea, and 
then digested with trypsin/LysC (Promega, Madison, WI) 
(1:20 wt/wt) overnight at 37°C. The peptides were desalted 
using hydrophilic–lipophilic–balanced extraction cartridges 
(Oasis, 1 cc, 30 mg). The peptide sample was divided into 
three parts: total peptide analysis (4%), heretofore referred to 
as “Total” and phosphopeptide enrichments (48% × 2) using 
Fe-NTA (High-Select Fe-NTA Phosphopeptide Enrichment 
Kit, Cat. No.: 88300) and TiO2 columns (High-Select TiO2 
Phosphopeptide Enrichment Kit, Cat No.: A32993). The en-
richment protocols were as described in the manufacturer's 
instructions with minor modifications. The enriched pep-
tides from Fe-NTA columns were desalted using graphite 
columns (Pierce Graphite Spin Columns, Cat. No.: 88302). 
All three samples (Total, TiO2, Fe-NTA) were fractionated 
in a 96-well plate with off-line high-pH reverse-phase chro-
matography (Agilent 1200 HPLC system, Santa Clara, CA) 
using a XBridge BEH C18 column (Waters, Milford, MA; 
130 Å, 5 µm, 2.1 × 30 mm). A flow rate of 0.5 mL/min was 
used to generate the gradient with buffer A (10 mM TEAB) 
and buffer B (10 mM TEAB, 90% acetonitrile [ACN]). For 
each SILAC experiment, eluted samples were concatenated 
using a discontinuous scheme to 24 (Total), 12 (TiO2) and 12 
(Fe-NTA) fractions, vacuum-dried, and stored at −80°C. The 
dried peptides were reconstituted with 0.1% (v/v) formic acid 
(FA) in LC-MS–grade water (JT Baker, Fisher Scientific) be-
fore mass spectrometry analysis.

2.6  |  Nano liquid chromatography-tandem 
mass spectrometry (nLC-MS/MS)

Reversed-phase capillary HPLC separations were performed 
using a Dionex UltiMate 3000 RSLC nanosystem coupled 
in-line with an Orbitrap Fusion Lumos Tribrid mass spec-
trometer. Approximately 1.2 μg of peptides (calculated from 

digested cell lysate) were loaded onto the trapping column 
(PepMap100, C18, 75 μm × 2 cm), for 8 minutes at a flow 
rate of 5 μL/min with buffer A (0.1% [v/v] FA). The trapped 
peptides were fractionated on an analytical column (PepMap 
RSLC C18, 2 μm, 100 Å, 75 μm i.d. × 50 cm) using a gradi-
ent of buffer B (ACN, 0.1% (v/v) FA) as follows: 4%-22% for 
83 minutes; 22%-32% for 17 minutes; 32%-90% for 3 min-
utes; followed by 90% buffer B for 7 minutes. The method 
duration was 120 minutes. Phosphopeptide-enriched samples 
were injected one each for higher-energy collisional disso-
ciation (HCD) and electron-transfer/higher-energy collision 
dissociation (EThcD) fragmentation while “Total” samples 
were analyzed by HCD fragmentation only.

2.7  |  HCD fragmentation

MS(/MS) data were acquired on an Orbitrap Fusion as fol-
lows: All MS1 spectra were acquired over m/z 375 − 1500 in 
the orbitrap with a resolution of 120 000 (FWHM) at m/z 200; 
automatic gain control was set to accumulate 4 × 105 ions, 
with a maximum injection time of 50 ms. The intensity thresh-
old for fragmentation was set to 25 000 and included charge 
states +2 to +5. A dynamic exclusion of 15 seconds was ap-
plied with a mass tolerance of 7 ppm. Data-dependent tandem 
MS analysis was performed using a top-speed approach and 
the dynamic parallelization using “ADAPT” technology. The 
isolation window (m/z) was set at 1.6. HCD collision energy 
was set at 30%. MS2 spectra were acquired with Orbitrap res-
olution of 30 000 and a fixed first m/z of 110. Automatic gain 
control target was set to 5 × 104, with a maximum injection 
time of 60 ms. The cycle time was 3 seconds.

2.8  |  EThcD fragmentation

Most of the MS(/MS) parameters for EThcD was identical 
as HCD fragmentation except the following: The charge 
states for fragmentation range from +3 to +7. ETD cali-
brated charge-dependent parameters and ETD supplemen-
tal activation was applied for data-dependent tandem MS. 
Supplemental activation collision energy for EThcD was set 
at 15%. Automatic gain control was set to 5 × 104, with a 
maximum injection time of 120 ms.

2.9  |  MS raw data analysis

Raw data were analyzed using Proteome Discoverer 1.4 
(version 1.4.0.288) in conjunction with two search engines; 
Mascot and SequestHT. The protein database used for 
SequestHT was the mouse Swiss-Prot (downloaded on April 
16, 2017). The Mascot search engine and database were 
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maintained by NIH Mascot server (https://biosp​ec.nih.gov). 
The search criteria for all HCD raw files were set as follows: 
(a) precursor mass tolerance = 10 ppm, (b) fragment mass 
tolerance = 0.02 Da, (c) enzyme specificity was set as trypsin 
with two missed cleavages allowed. Carbamidomethylation 
of cysteine (C + 57.021 Da) was set as a fixed modification. 
Variable modifications were as follows: (a) isotope labeling 
of lysine (K + 6.020 Da) and arginine (R + 10.008 Da), (b) 
oxidation of methionine (M  +  15.995  Da), (c) deamina-
tion on glutamine and asparagine (N, Q  +  0.984  Da), (d) 
phosphorylation of serine, threonine, and tyrosine (S, T, 
Y + 79.966 Da), and (e) acetylation of protein N-terminal. 
The FDR was calculated by the target-decoy algorithm.

The search parameters for raw data files generated through 
EThcD fragmentation were kept identical except following 
modifications: (a) precursor selection: “use MS(n-1) precur-
sor” instead of “use MS1 precursor”; (b) maximum precursor 
mass: 8000 Da instead of 5000 Da; (c) total intensity thresh-
old: 0 instead of 1000; (d) maximum missed cleavage sites: 
3. In addition, for SequestHT search, “c” and “z” ions were 
used for spectral matching instead of “b” and “y” ions that 
were used for HCD raw files.

The probabilities of the phosphorylation site localiza-
tions were calculated based on the given MS2 data using the 
PhosphoRS 3.0 module within Proteome Discoverer. The fol-
lowing data reduction filters were used; peptide confidence: 
high, peptide rank = 1. The FDR was calculated by the target 
decoy PSM validator. The FDR was set <.01.

2.10  |  Data integration across 
biological replicates

For “Total” proteomics, the SequestHT and Mascot search 
results of three SILAC experiments corresponding to three 
clones each (biological replicate  =  3) of PKA-intact and 
PKA-null cells were integrated in Proteome Discoverer after 
disabling the “protein grouping” option. The ratio (dDAVP/
Vehicle) obtained by SequestHT was used when available. 
Otherwise, the ratio generated by Mascot was taken. The 
proteins that were quantified in all three biological replicates 
were used for further analysis. Paired t tests were used to 
calculate P values for comparison of log2[dDAVP/Vehicle] 
ratios versus log2[1] (null hypothesis). The median of log-
ratios was reported along with corresponding P value.

For phosphoproteomics of PKA-intact and PKA-null 
cells, “.msf” files of TiO2 and Fe-NTA samples searched with 
Mascot and SequestHT for all three SILAC experiments were 
integrated in Proteome Discoverer that resulted in two com-
bined files, one each for HCD and EThcD fragmentation. The 
peptides in the combined file were grouped by “mass and se-
quence” available with Proteome Discoverer. The phosphopep-
tides having an area (MS1 scan) of at least 1.0E7 in each of the 

replicate cell clones along with a corresponding median ratio 
calculated from TiO2 and Fe-NTA results were considered for 
further analysis. The phosphopeptides with a greater than 80% 
of phosphorylation site-assignment probability were selected. 
Amino acid sequences of these phosphopeptides were central-
ized around the phosphorylation site using PTM Centralizer 
(https://hpcwe​bapps.cit.nih.gov/ESBL/PtmCe​ntral​izer/). To 
account for biological variation across three replicates, (a) the 
phosphopeptides having three “dDAVP/Vehicle” ratios out of 
three SILAC experiments; (b) showing consistent direction of 
regulation were considered for further analysis. The data files 
obtained from HCD and EThcD fragmentation were combined 
and median phosphorylation of site-specific ratios was calcu-
lated from all monophosphopeptides representing the same 
phopsho-site. Dual criteria were used to identify phospho-sites 
with altered abundance, namely, |log2(dDAVP/vehicle)| > .378 
and Pfp < .005. A value of 0.378 was assigned to encompass 
95% of log2(control/control) values (95% confidence interval 
for control-to-control comparisons).11 Pfp (a measure of false 
positive probability) for phosphopeptide quantification was 
calculated as a product of the P value from the t-statistic using 
all three pairs of dDAVP-vehicle replicates and the area under 
the Gaussian distribution curve outside the range [−Z, Z], 
where Z is the value divided by the SD of log2(control/control) 
values. PTM-Logo was used to generate sequence logos.12 The 
inputs were 13-mer centralized sequences around the phos-
phorylation site.

2.11  |  Cyclic AMP measurement

For short-term vasopressin stimulation, dDAVP-conditioned 
cells on 6-well Transwell plates in simple media in the ab-
sence of dDAVP for 2  hours (wash-out phase) on the day 
of experiment were treated with IBMX (3-isobutyl-1-meth-
ylxanthine, 0.5  mM on both apical and basolateral media) 
and concurrently with either 0.1 nM dDAVP or vehicle for 
30  minutes (in the basolateral medium only). The experi-
ments were performed in triplicate for each of three clones 
of PKA-intact and PKA-null cells. After incubation, the cells 
were rapidly washed with ice-cold PBS and frozen at −80°C. 
For another set of parallel experiment, IBMX was omitted.

Cyclic-AMP content was measured using the cAMP en-
zyme immunoassay kit (Cayman Biochemical) according to 
the manufacturer's instructions. Briefly, the cells were lysed 
using 0.1 M HCl and centrifuged to collect the supernatant. 
The protein content of the samples was measured by BCA 
assay. The samples were diluted 10 times with ELISA buffer 
(provided in kit) before estimating the cAMP concentration 
in duplicate using standards provided in the kit. The amount 
of cAMP was inversely proportional to the optical density 
measured. Results are expressed as pmol/mg protein. Data 
are represented as mean ± standard deviation.

https://biospec.nih.gov
https://hpcwebapps.cit.nih.gov/ESBL/PtmCentralizer/
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2.12  |  Protein kinase prediction

The Group-based Prediction System (GPS 3.0, http://gps.
biocu​ckoo.org) was used to predict probable kinases based on 
the substrate sequence motifs.13 The FASTA sequences of the 
proteins were uploaded using the “batch predictor” option in 
GPS 3.0—species-specific, where “mouse” was selected as 
“organism”. “Tyrosine Kinase” was excluded from the analy-
sis. The most stringent threshold (ie “High”) for the cut-off 
for false-positive rate was chosen. This corresponds to 2% 
false-positive rates for kinases while making predictions on 
large-scale data. The site-specific scores for predicted kinases 
were calculated as the “score difference” between the actual 
score and cut-off value. For prediction of multiple probable 
kinases for a phospho-site, only the top hit having the maxi-
mum “score difference” was used for subsequent analysis.

2.13  |  Immunoblot analysis

Laemmli buffer (2% SDS, 63 mM Tris, pH 6.8, protease and 
phosphatase inhibitors) was used to solubilize the cellular 
proteins. Protein concentration was measured using the BCA 
assay. The denatured samples were subjected to SDS/PAGE. 
The proteins were transferred to nitrocellulose membranes 
and probed with primary antibodies from Cell Signaling 
Technology (Danvers, MA) at indicated dilutions: anti-
AMPKα (1:1000, isotype: Rabbit, Cat. No. 5832), anti-phos-
pho AMPKα (Thr172) (1:1000, isotype: Rabbit IgG, Cat. No. 
50081). REVERT total protein stain, blocking buffer, and 
infrared fluorescence-conjugated secondary antibodies were 
obtained from LI-COR. Fluorescence images were visualized 
by a LI-COR Odyssey System (ODY-0428). Band intensities 
were analyzed by LI-COR Image Studio software.

2.14  |  In vitro phosphorylation assay

Synthetic and nonphosphorylated 13-mer peptides centralized 
around the increased phosphorylation sites in Crtc1 (S151, 
SWRRTNS*DSALHQ), Lipe (S559, SMRRSVS*EAALAQ) 
and Arhgef2 (S151, SLAKSVS*TTNIAG) were synthesized 
(FDA, White Oak, MD). AMARA (ab204852, Abcam, 
Cambridge, MA) and SAMS-tide (ab120182) were used 
as standard peptides for SIK and AMPK phosphoryla-
tion. All SNF1-subfamily enzymes (AMPK, MARK3, QIK 
(SIK2), NUAK2, and MELK) were purchased from Carna 
Biosciences (Chuo-ku, Kobe, Japan). Recombinant AMPK 
(AMPKα1β1γ1, AMPKα2β2γ1, AMPKα2β1γ1) was cus-
tom-made without phosphorylation at T183 (in AMPKα1) or 
T172 (in AMPKα2). All peptides (custom peptides, 20 nmol; 
standard peptides, 10 nmole) were incubated with various 
purified enzymes individually (ie AMPK, SIK2) in kinase 

reaction buffer (25 mM MOPS, 25 mM MgCl2, 2 mM EDTA, 
12.5  mM β-glycerol-phosphate) and supplemented with 
100 μM ATP and 0.25 mM DTT for 1 hour at 30°C (all com-
ponents were from Signal Chem, Richmond, BC, Canada). 
AMP (0-100  µM) (Signal Chem) and cAMP (0-1000  µM) 
were added in different concentrations as mentioned in Figure 
legands. The enzyme concentration was 2-4 ng/µL. The op-
timum concentration was determined based on the enzyme 
activity data provided by the manufacturer. The enzymatic 
reaction was terminated by centrifuging (14 000 g, 10 min) 
the reaction mixture in a 30K molecular weight cut-off filter 
(Amicon Ultra, Milipore) to retain the enzymes, while the 
phosphorylated peptides are collected as filtrate. The filtrate 
was diluted in 0.1% FA, 2% ACN for MS analysis in a paral-
lel reaction monitoring (PRM) mode.

2.15  |  PRM mass spectrometry

The Orbitrap Fusion Lumos Tribrid MS instrument was used 
in a PRM mode. The total method duration was 52 minutes. 
The data type was set as “profile” with “positive” polarity and 
source fragmentation was disabled for both MS1 and MS2 
scans. All MS1 master scans were acquired over a scan range 
(m/z) 375-850 in the orbitrap with a resolution of 120 000 
(FWHM) at m/z 200. Automatic gain control was set 1.0e6, 
with a maximum injection time of 100 ms.

For targeted MS2 (tMS2) scan, the pre-defined precursor 
ions were selected in quadrupole mode with an isolation win-
dow of 0.7  m/z. The ions were fragmented by CID with a 
CID collision energy 35% and CID activation time 10  ms. 
The fragment ions were detected using orbitrap mass ana-
lyzer with following settings: orbitrap resolution: 50  000, 
mass range: normal, scan range (m/z): 200-1300, RF lens 
(%): 30, automatic gain control: 2.0e5. The cycle time was 
set as 3  seconds. The precursor m/z and charge (z) for all 
peptides with and without phosphorylation can be found in 
the Supporting Table 1.

2.16  |  PRM data analysis with Skyline

Raw data were processed on an open-source software, 
Skyline (version 4.2.0. 19072) (https://skyli​ne.ms/proje​ct/
home/softw​are/Skyli​ne/begin.view).14 Briefly, the peptide 
sequences were added manually to skyline. The peptide 
and transition settings were updated as mentioned. In tran-
sition setting, peptides with a precursor charge of 2-4, ion 
charge of 1-3 and ion types of b, y, and p (precursor) were 
used for filtering all ions. The ion match tolerance was set as 
0.02 m/z for peak extraction. In full scan tab, orbitrap was 
selected as precursor and product mass analyzer. The acquisi-
tion method was set as targeted under MS/MS filtering. All 

http://gps.biocuckoo.org
http://gps.biocuckoo.org
https://skyline.ms/project/home/software/Skyline/begin.view
https://skyline.ms/project/home/software/Skyline/begin.view
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matching scans were included for retention time filtering. 
Subsequently, MS data files were imported into the software. 
Based on the incorporated parameters, the software extracts 
the chromatogram peaks and auto-calculates the charge state, 
retention time, background-subtracted chromatogram area, 
and background for all precursor and corresponding produc-
tions. The retention time window of used chromatograms was 
manually verified and adjusted among different samples to 
avoid sample-specific bias, if any. The corrected chromato-
gram area of precursors and diagnostic product ions was used 
for the final analysis. Phosphorylation was measured from 
the chromatogram area of the mono-phosphorylated precur-
sor ion of specific peptides. The site of phosphorylation was 
determined by measuring the intensity of the site-specific 
fragment ion (ie diagnostic product ion) and/or correspond-
ing neutral loss (ie diagnostic neutral loss). Phosphorylation 
increases the precursor mass by 79.96, while neutral loss de-
creases the product ion mass by 98.15 The product ions from 
the y-series were used for the area measurement.

2.17  |  Statistical analysis

Data were analyzed with GraphPad Prism and “data analy-
sis” add-in of Microsoft excel software. The statistical meth-
ods used, indexed to figures in the main text, are as follows. 
Data for cAMP and immunoblot measurement were analyzed 
using a two-tailed independent samples t-test (*P  <  .05). 
Over-representation of a specific amino acid (amino acid 
frequency) was subjected to chi-square analysis (χ2α < .01).

3  |   RESULTS

3.1  |  Quantitative phosphoproteomics of 
PKA-null and PKA-intact collecting duct cells

The mpkCCD cell line has been previously shown to exhibit 
vasopressin-responses (AQP2 trafficking and AQP2 tran-
scriptional regulation) typical of native collecting duct cells.16 
CRISPR-Cas9 genome editing was previously used to create 
multiple lines of PKA-null cells and control PKA-intact cells 
allowing us to generate true biological replicate experiments 
using the different lines.9 To identify phosphorylation changes 
in the PKA-null and PKA-intact mpkCCD cells in response to 
the V2-selective vasopressin analog dDAVP, we carried out 
quantitative phosphoproteomics using SILAC for quantifica-
tion (see Section 2). In general, total protein abundances did 
not change in response to dDAVP (30 min) in either PKA-null 
or -intact cells, based on analysis of aliquots prior to phospho-
peptide enrichment (Supporting Figure S1). To maximize the 
depth of phosphopeptide identification, enriched samples were 
subjected to two different fragmentation methods (HCD and 
EThcD). In the PKA-null cells, we quantified 13 275 unique 
phosphopeptides (2479 phosphoproteins) using HCD and 5789 
unique phosphopeptides (1502 phosphoproteins) with EThcD 
fragmentation, based on filtering criteria described in Section 2  
(Figure 1). For PKA-intact cells, using an identical criterion, 
17 336 unique phosphopeptides (2930 phosphoproteins) were 
quantified using HCD and 7173 unique phosphopeptides (1722 
phosphoproteins) were quantified with EThcD fragmentation 
(Figure 1). Overall, addition of EThcD increased the coverage 

F I G U R E  1   Venn diagrams comparing unique phosphopeptides and phosphoproteins identified by SILAC-based quantitative 
phosphoproteomics analysis in dDAVP-stimulated PKA-null and -intact cells using HCD and EThcD fragmentation. These phosphopeptides were 
identified (a) in all three biological replicates for receptive cell-types (b) with a minimum spectral area (MS1 scan) of at least 1.0E7. Peptide FDR 
was <.01
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of unique phosphopeptide identification by about 10% beyond 
what would have been obtained with HCD alone. Single-,  
double-, triple-, and higher-phosphorylated peptides repre-
sented 79%, 18%, 3% and <1% of the total phosphopeptides, 
respectively. We observed mostly serine phosphorylation 
(PKA-null, 91.5%; PKA-intact, 90.7%), followed by threonine 
(PKA-null, 8.3%; PKA-intact, 9.0%), and tyrosine (PKA-null, 
0.2%; PKA-intact, 0.3%) phosphorylation. The curated data 
set for quantified phosphopeptides in the PKA-null cells can 
be viewed at https://hpcwe​bapps.cit.nih.gov/ESBL/Datab​ase/
PKA-null/index.html. Curated data set for quantified phospho-
peptides in PKA-intact cells can be viewed at https://hpcwe​
bapps.cit.nih.gov/ESBL/Datab​ase/PKA-Intac​t/index.html.

3.2  |  AQP2 phosphorylation in response to 
vasopressin in PKA-null cells

Prior studies indicate that vasopressin stimulation increases 
phosphorylation of AQP2 at S256.17 To provide confirmation 
that the cells are responding appropriately to vasopressin in the 
current experiments, we show the AQP2-S256 MS1 spectra 
from one SILAC experimental PKA-intact pair before (heavy) 
and after (light) dDAVP exposure (Figure  2A). Overall, 
dDAVP caused a consistent increase in phosphorylation at 
S256 [log2(dDAVP/Vehicle) = 1.44, P <  .05, n = 3]. Thus, 
the PKA-intact cells appear to be responding to dDAVP stimu-
lation as expected. Interestingly, AQP2 was seen to be phos-
phorylated at S256 in the PKA-null cells as well (Figure 2B). 
Furthermore, the phosphorylation increased in response to 
dDAVP [log2(dDAVP/Vehicle) = 0.63, P < .05] for all mono-
S256 phosphopeptides [n  =  6 pairs] (Supporting Table S1). 
Taken together, we conclude that (a) both PKA-intact and -null 
cells respond to short-term vasopressin stimulation; and (b) 
S256 of AQP2 can be phosphorylated and regulated in response 
to vasopressin even in the absence of PKA.

3.3  |  Major elements of V2 vasopressin 
receptor signaling are PKA-dependent

Figure  3A,B summarizes abundance changes for phospho-
rylation sites ascertained from mono-phosphopeptides in 
response to the V2-selective agonist dDAVP in PKA-intact 
cells and PKA-null cells. The threshold for identifying a 
phosphopeptide as “changed” is defined as Pfp  <  .01 (cal-
culated as described in Section 2). In the PKA-intact cells, 
dDAVP addition resulted in significant perturbations at 452 
sites (in 366 distinct proteins) out of 3748 quantified (12%). 
Of these, 205 were increased and 247 were decreased. In the 
PKA-null cells, there were also changes in the phosphopro-
teome although there were fewer altered phosphorylation 
sites than in PKA-intact cells. Overall, in the PKA-null cells, F
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there were changes in 2.2% (61/2842) of quantified phospho-
sites (Figure 3). Of these, 32 were increased and 29 were de-
creased. Analysis of multiply phosphorylated peptides also 
showed many more regulated phosphopeptides in the PKA-
intact cells than in PKA-null cells (Supporting Figure S2).

Although the preceding data establish that most of the 
phosphorylation changes in mpkCCD cells in response to vaso-
pressin are PKA-dependent, PKA-independent changes were 
also observed. To assess the quality of these data, we manually 
examined the MS1 and MS2 spectra of all phosphopeptides 
that were preliminarily assessed as being changed in PKA-null 
cells. This resulted in a list of high confidence responses to va-
sopressin in the PKA-null cells (Table 1, https://hpcwe​bapps.
cit.nih.gov/ESBL/Datab​ase/PKA-null/sites.html). Some ex-
ample MS1 spectra corresponding to phospho-sites reported 
in Table 1 are shown in Supporting Figure S3.

Overall, these results suggest that (a) the major elements of 
vasopressin signaling are dependent on PKA, and (b) a smaller 
component of vasopressin signaling is independent of PKA.

3.4  |  Baseline and dDAVP stimulated cAMP 
production in PKA-null cells

Vasopressin signaling is generally accepted to be cAMP-me-
diated. The marked decrease in the number of phosphorylation 
events in dDAVP-stimulated PKA-null cells may be related 
to the failure of cells to produce cAMP due to a dysfunctional 
V2R or by some other mechanism involving the Gsα-adenylyl 
cyclase complex. To rule out such a possibility, we compared 
vasopressin-dependent cAMP-levels in PKA-intact versus 
PKA-null cells measured in the presence of the broad spec-
trum phosphodiesterase inhibitor IBMX (Figure 4). The PKA-
null cells responded to dDAVP with a large increase in cAMP 
in the presence of IBMX. The surprising aspect of these data 

was a large increase in the baseline (vasopressin-independ-
ent) cAMP levels amounting to more than a 10-fold increase 
in PKA-null cells compared to PKA-intact cells (Figure 4A). 
It also shows an equivalent 10-fold increase of cAMP level in 
dDAVP-treated PKA-null cells when compared to dDAVP-
treated PKA-intact cells. When the cells were not treated 
with IBMX, cAMP levels were still readily measurable, but 
values were not different between PKA-intact and PKA-null 
mpkCCD cells (Figure 4B). This indicates that under the con-
ditions of the phosphoproteomic studies, cAMP production 
is likely to be markedly increased although high levels in the 
cells are not sustained due to rapid degradation by cyclic nu-
cleotide phosphodiesterases. The measurements, however, do 
not rule out localized increases in cAMP levels. Overall, these 
measurements (a) confirmed the responsiveness of the PKA-
null cells to vasopressin at the level of cAMP production, (b) 
suggest the presence of a PKA-controlled feedback inhibition 
of cAMP generation in PKA-intact cells.

3.5  |  Vasopressin activates non-PKA 
basophilic kinases in PKA-null cells

Among the sites that were increased by dDAVP in PKA-
null cells, there was a preponderance of sequences with a 
basic amino acid (eg R or K) in position −3 relative to the 
phosphorylated amino acid (χ2 = 20.9, P = 5.00E-06, ver-
sus all quantified monophosphopeptides). This implies that 
one or more basophilic protein kinases (AGC or CAMK 
group) were activated in response to dDAVP in the PKA-null 
cells. To narrow down the possibilities, we used prior tran-
scriptomic data to identify basophilic kinases expressed in 
PKA-null mpkCCD cells,9 augmenting this list with protein 
kinases found by nLC-MS/MS analysis in the present study. 
In Figure  4A, the circle shows the 47 basophilic kinases 

F I G U R E  3   Volcano plot for single and unique phosphorylation sites quantified with a consistent trend across all three pairs (dDAVP vs 
vehicle) of (A) PKA-intact and (B) PKA-null clones. Phosphosites having a site-assignment probability >80% as determined by PhosphoRS 3.0 
were used for this analysis. The red and blue dots indicate increased and decreased phosphorylation sites with Pfp ≤ .01. The plots were presented 
with an x-axis value of −2.0 to +2.0 for better visualization

https://hpcwebapps.cit.nih.gov/ESBL/Database/PKA-null/sites.html
https://hpcwebapps.cit.nih.gov/ESBL/Database/PKA-null/sites.html
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(out of 126 basophilic kinases in the mouse kinome) that are 
expressed at both transcript and protein levels in PKA-null 
cells. This list contains 25 kinases from the AGC group and 
22 kinases from the CAMK group. The CAMK group of ki-
nases was predicted to account for a majority of (14/22, 64%) 

elevated phospho-sites in PKA-null cells (Figure 5B) based 
on the Group-based Prediction System (GPS 3.0).13 This 
program uses machine-learning approaches to optimize the 
match between individual phosphorylation sites and kinase 
preference motifs across the kinome to identify the kinase 

F I G U R E  4   Effect of dDAVP on cAMP generation in PKA-intact and PKA-null cells. The experiment was performed (A) in the presence or 
(B) in the absence of IBMX. The measured cAMP values in pmol/mL were normalized with the protein concentration of the respective samples. 
Data were presented as mean ± SD. A two-tailed independent samples t-test was used. n ≥ 3; *P < .05; SD = standard deviation

F I G U R E  5   A, The circle contains gene symbols of 47 basophilic kinases expressed in PKA-null cells. The font-size corresponds to their 
expression at the RNA level as determined earlier by Isobe et al.9 B, Histogram to predict relative frequency of various kinase classes upstream 
of altered phospho-sites in dDAVP treated PKA-null cells. A total of 22 elevated phospho-sites were analyzed using GPS 3.0 to predict the class 
of individual kinases. A frequency distribution analysis was performed to determine the % of phospho-sites (x-axis) that belong to certain class of 
kinase (y-axis). CAMK (14/22, 63%) were the most frequently predicted kinase class among upregulated sites in PKA-null cells. C, Sequence logo 
for the up-regulated phosphorylation sites in dDAVP treated PKA-null cells. PTM-Logo was used for motif analysis. The background contains all 
unique and mono-phosphorylated peptides
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group, kinase family, kinase subfamily and individual kinase 
level matches. Additional analysis revealed preferences for 
serine or threonine in position −2 (χ2  =  14.4, P  =  1.45E-
04), hydrophobic amino acids (isoleucine, methionine and 
tryptophan) in position −5 (χ2 = 23.4, P = 1.00E-06) and in 
position +4 (glycine, leucine, isoleucine and valine, χ2 = 7.4, 
P = 6.41E-03). Figure 4C shows the preferred motif that was 
created using PTM-Logo 12 from the list of increased phos-
pho-sites. Overall, among the increased phospho-sites there 
were eleven with either of the two motifs: ([I/M/W]-X-[R/
K]-[S/T]-X-p[S/T], or [R/K]-[S/T]-X-p[S/T]-X-X-X-[G/L/
I/V]), including some with hydrophobic amino acids in both 
−5 and +4 position (Table 1). These motifs are not a general 
feature of the CAMK group, but correspond to the CAMK 
branch known as the AMPK-related kinase subfamily (or 
SNF1-subfamily), which includes the AMP-activated protein 
kinases Prkaa1 and Prkaa2, the MAP/microtubule affinity-
regulating kinases Mark1 through Mark4, the salt-inducible 
kinases Sik1 through Sik3, the SNF1-like kinases Nuak1 and 
Nuak2, the BR serine/threonine kinases Brsk1 and Brsk2, 
and the maternal embryonic leucine zipper kinase Melk.18 
Further, at least three of the increased phosphorylation sites 
in Table 1 have been experimentally characterized in other 
cell types and linked to kinases from the SNF1-subfamily. 
These sites are: S151 of Arhgef2 (Rho guanine nucleotide 
exchange factor 2, upstream kinase: Mark319); S151 of 
Crtc1 (CREB-regulated transcription coactivator 1, upstream 
kinase: Sik2 or Prkaa120); and S559 of Lipe (Hormone-
sensitive lipase, upstream kinase: Prkaa121). Together, these 
results indicate probable activation of one or more members 
of the SNF1 (AMPK-related) kinase subfamily in PKA-null 
cells following dDAVP stimulation. It is noteworthy that two 
other protein kinases with no obvious relationship to AMPK/
SNF1-subfamily kinases undergo changes at activity-altering 
phosphorylation sites in response to vasopressin in the PKA-
null cells. These kinases are Stk39 (SPAK, at S383) which 
is increased, and Prkci (PKC-iota, at T411 and T415) which 
shows decreased phosphorylation.

3.6  |  In vitro phosphorylation by 
recombinant SNF1-subfamily protein kinases

Several SNF1-subfamily protein kinases are expressed in 
mpkCCD cells, namely Prkaa1 (AMPKα1), Sik2, Mark2, 
Mark3, Nuak2 and Melk (Figure 5A). We asked which among 
these are responsible for increased phosphorylation in PKA-
null cells following dDAVP treatment. First, we focused on 
AMPK as it is the major and most well-studied member of 
SNF1-subfamily of basophilic kinase. Phosphorylation of con-
served T172 present within the activation loop of the α-subunit 
kinase domain of AMPKα2 (Prkaa2, analogous to T183 of 
Prkaa1/AMPKα1) is known to activate this kinase.18 However, 

immunoblot results do not show an increase in the phospho-
rylation on T172 of AMPKα following dDAVP treatment in 
PKA-null or intact cells when compared to vehicle-treated 
cells (Figure 6). AMPK can also be activated allosterically by 
AMP that may not necessarily need a pre-phosphorylation of 
AMPKα in its activation loop.18 To test this possibility, we 
designed an in vitro phosphorylation assay with custom-made 
human recombinant AMPKα that is not phosphorylated at its 
activation loop. AMPK heterotrimers consist of catalytic α 
subunit (α1 or α2) along with a scaffolding β (β1 or β2) subu-
nit and a regulatory γ (either γ1, or γ2, or γ3) subunit. Here, 
we used three different versions of heterotrimeric AMPK; 
namely AMPKα1β1γ1, AMPKα1β2γ1, and AMPKα2β2γ1. 

F I G U R E  6   Immunoblot analysis to detect differential 
phosphorylation at the active site of AMPKα. A, AMPKα and pT172-
AMPKα immunoblot from dDAVP- and vehicle-treated PKA-intact 
and PKA-null cells. The gels were stained with REVERT (Li Cor) 
stain to check equal loading among different samples. B, Bar chart 
of normalized immuno-reactivities (mean ± SEM in arbitrary units) 
of pT172 AMPKα. Unpaired t-test was used to determine significant 
difference between dDAVP and vehicle-treated samples. dDAVP 
did not cause a significant difference in phosphorylation of T172 of 
AMPKα in PKA-intact or PKA-null cells. *P < .05
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Centralized 13-mer synthetic peptides around the elevated 
phosphorylation sites of Arhgef2 (S151), Crtc1 (S151) and 
Lipe (S559) protein with a matching SNF1 motif were used 
as substrates for this in vitro assay. Because it seemed pos-
sible that cAMP could substitute for AMP as an allosteric ac-
tivator of AMPK, we tested varying concentrations of cAMP 
(10-1000 µM) in addition to AMP (10-100 µM) in the reac-
tion mixture. PRM-MS was used to measure phosphopeptides 
and to quantify site-specific phosphorylation using a diagnos-
tic transition ion or neutral loss ion as described in Section 
2 (Supporting Table S2). Standard AMPK/Sik2 substrates 
AMARA and SAMS-tide were also included as positive con-
trols. As shown in Figure  7A, increasing concentrations of 
cAMP (10-1000  µM) were unable to increase the phospho-
rylation of any of the above-mentioned three sites or the target 
sites in standard peptides. Instead, cAMP appears to inhibit 
phosphorylation at higher concentrations. In contrast, AMP 
increased phosphorylation of all three sites at the tested con-
centrations that were elevated in mpkCCD cells in response to 
dDAVP (Figure 7B). Standard peptides also showed similar 
trends. Thus, AMPK is a candidate for a role in vasopressin-
induced phosphorylation changes in PKA-null mpkCCD cells, 
but it cannot be allosterically activated by cAMP.

3.7  |  Non-AMPK members of SNF1-
subfamily can phosphorylate selected sites of 
Arhgef2, Crtc1, and lipe

To search for potential alternate mechanisms behind the el-
evation of phospho-sites with the SNF1 recognition motif, 
we extended the in vitro phosphorylation assay on the same 

set of target substrates to include additional members of the 
SNF1-subfamily of kinases, namely Mark3, Nuak2, Melk, 
and Sik2. The choice of these enzymes was driven by the 
objective to include multiple kinases from different branches 
of the SNF1-subfamily that are expressed in PKA-null cells. 
Our results show that under in vitro conditions, Mark3, Sik2, 
Nuak2, and Melk can all phosphorylate the sites in Arhgef2, 
Crtc1, and Lipe (Figure 8) and that the activity of these en-
zymes was not increased by AMP addition (Figure 9).

4  |   DISCUSSION

We used quantitative phosphoproteomics to show that V2R-
mediated vasopressin signaling in cultured collecting duct 
cells is predominantly PKA-dependent. In addition, there is 
a smaller component that is PKA-independent, likely involv-
ing activation of one or more members of the AMPK/SNF1-
subfamily of the CAMK-like family of kinases. Among the 
PKA-independent phosphorylation targets that were detected 
were three known targets of SNF1-subfamily kinases, namely 
Arhgef2 (S151), Crtc1 (S151), and Lipe (S559).19-21 Further, 
we show that the vasopressin-induced increase in phospho-
rylation of AQP2 at Ser256 can occur in the absence of PKA, 
although the specific kinase involved was not identified.

4.1  |  Prior evidence for PKA-independent 
vasopressin responses in collecting duct

A number of prior studies in collecting duct cells have pro-
vided evidence for cAMP- or PKA- independent effects of 

F I G U R E  7   PRM-MS measurement of mono-phosphorylated form of 13-mer synthetic peptides centralized around S151 of Arhgef2, S151 
of Crtc1 and S559 of Lipe. Human recombinant AMPK (eg AMPKα2β2γ1) that was not phosphorylated at its active site, was used for the in 
vitro phosphorylation reaction. AMARA and SAMS were used as standard peptide substrates for AMPK phosphorylation. A, Effect of increasing 
concentrations of cAMP (0, 10, 100, 500, 1000 µM) on AMPK-induced phosphorylation. B, Effect of increasing concentrations of AMP (0, 10, 
100 µM) on AMPK-induced phosphorylation. X-axis indicates the ratio of chromatographic area of phosphorylated peptides (based on precursor 
ion chromatogram area) following incubation with various concentrations of (A) cAMP (B) AMP when compared to (A) “no cAMP” or (B) “no 
AMP” (0 µM). An x-axis value of 1.0 indicates no change
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vasopressin. Olesen et al22 have questioned the role of cAMP 
in vasopressin-mediated trafficking to the plasma membrane, 
based on differences in the time courses of intracellular 
cAMP changes and immunochemical detection of AQP2 
redistribution in collecting duct cells. Nickols et al23 found 
that V2-receptor mediated mobilization of intracellular Ca2+ 
was blocked by mutation of a calmodulin-binding site in the 
COOH-terminal tail of the V2 receptor, without affecting 
cAMP production. The presence of cAMP-independent mo-
bilization of intracellular Ca2+ in collecting duct cells was 
also supported by Naruse,24 Star et al,25 and Champigneulle 
et al26 On the contrary, the finding that vasopressin-mediated 
Ca2+ mobilization was replicated in collecting ducts in re-
sponse to exposure to cAMP analogs suggests that Ca2+ mo-
bilization is at least in part cAMP dependent.27 Beyond this, 
Yip28 has provided evidence that cAMP-mediated Ca2+ mo-
bilization, and concomitant AQP2 trafficking to the plasma 
membrane, could be the result of cAMP activation of the 
Rap1 guanine-nucleotide exchange factor, Epac1 (Rapgef3) 
and not PKA. Another study provided evidence for a role for 
Epac1, but not PKA, in the effect of long-term exposure to 
vasopressin to increase Aqp2 gene transcription.29 Activation 

of Epac1 is predicted to activate Rap1 through its guanine-nu-
cleotide exchange factor (GEF) activity. Rap1, among other 
functions, competes with Ras to reduce MAP kinase signal-
ing.30 However, there was no evidence in the present study 
of altered phosphorylation of any MAP kinase in response to 
vasopressin in the PKA-null cells. Beyond this, in our prior 
study, deletion of both PKA catalytic genes abrogated the ef-
fect of vasopressin to stimulate Aqp2 gene transcription and 
AQP2 trafficking, and these effects were rescued by transfec-
tion with PKA,9 strongly supporting a central role for PKA in 
both actions of vasopressin.

4.2  |  Possible mechanisms of accelerated 
cAMP production in PKA-null cells

A potentially important new finding in this paper is the ob-
servation that IBMX-dependent cAMP levels are around 10-
fold higher in PKA-null cells than in PKA-intact cells. Since 
the difference in cAMP levels between PKA-null cells and 
PKA-intact cells was not seen in the absence of the phos-
phodiesterase inhibitor IBMX, we conclude that PKA-null 

F I G U R E  8   Precursor ion chromatogram of phosphorylated 13-mer synthetic peptides centralized around S151 of Arhgef2, S151 of Crtc1 and 
S559 of Lipe. The synthetic peptides were phosphorylated following an in vitro phosphorylation reaction in presence of various human recombinant 
SNF1-subfamily of kinases; (A) MARK3, (B) SIK2, (C) NUAK2, (D) MELK. The phosphorylation occurs predominantly at the target site of the 
respective peptides as determined by the chromatogram area of site-specific product ions. All SNF1-subfamily enzymes can phosphorylate the three 
selected phosphorylation sites on Arhgef2 (S151), Crtc1 (S151) and Lipe (S559) to different extent under in vitro condition
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cells likely have accelerated cAMP production. The most 
direct interpretation of this finding is that there may be a 
PKA-dependent feedback mechanism at the level of the 
V2R-adenylyl cyclase pathway that is interrupted with PKA 
deletion. There are several possibilities that could account 
for this feedback inhibition based on the various components 
of the coupling mechanism connecting receptor occupation 
and cAMP production, namely the V2R receptor (Avpr2), 
the heterotrimeric G-protein stimulatory alpha subunit 
Gsα (Gnas) or its inhibitory counterparts, the RGS protein 
Rgs3 (a GTPase activating protein), and adenylyl cyclase 
6 (Adcy6). Among these, only Rgs3 showed a change in 
phosphorylation in response to dDAVP in the PKA-intact 
cells, viz. an increase in phosphorylation at a basophilic site 
(S686), although the effect of this modification on its activity 
is currently unknown based on the data on PhosphoSitePlus. 
In general, protein function can be regulated by processes 
other than phosphorylation and it will require a systematic 
examination of multiple competing hypotheses to identify 

the feedback mechanism responsible for the high cAMP lev-
els in the PKA-null cells.

4.3  |  Possible mechanisms of vasopressin 
signaling in the absence of PKA

The mechanism by which vasopressin activates down-
stream signaling in the absence of PKA has not yet been 
identified. As vasopressin signals through the Gαs-coupled 
GPCR V2R, it is likely that the activation involves 
cAMP. We propose four possible mechanisms of PKA-
independent cAMP effects: (a) cAMP could be working 
through effectors other than PKA, eg Rapgef3 (Epac1); (b) 
cAMP could act allosterically to increase AMPK activity, 
mimicking AMP; (c) high AMP concentration could be 
achieved locally in the cell due to increased production and 
degradation of cAMP that could activate AMPK locally; 
and (d) high cAMP could directly activate other kinases 

F I G U R E  9   Effect of increasing concentration of AMP on the phosphorylation of 13-mer synthetic peptides centralized around S151 of 
Arhgef2, S151 of Crtc1 and S559 of Lipe in presence of various SNF1-subfamily protein kinases. Human recombinant (A) MARK3, (B) SIK2, 
(C) NUAK2, (D) MELK were used for the in vitro phosphorylation reaction. PRM-MS assay was used to measure the chromatogram area of 
phosphorylated peptide precursors. X-axis indicates the ratio of chromatogram area of phosphorylated peptides (based on precursor mass) following 
incubation with various concentrations of AMP (10, 100 µM) when compared to “no AMP” (0 µM). An x-axis value of 1.0 indicates no change. 
AMARA and SAMS were included as control peptides
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such as Protein Kinase G. The first possibility seemed to 
be a viable choice because of observations in the litera-
ture that RapGEF3/Epac1 can activate the protein kinase 
Lkb1 (Stk11), which activates AMPK through active site 
phosphorylation.31 However, immunoblotting for active 
site phosphorylation of AMPKα failed to show any ten-
dency toward an increase in phosphorylation, ruling out 
this specific mechanism (Figure 6). The second possibility 
was seemingly ruled out by in vitro phosphorylation as-
says showing that cAMP, even at very high concentrations, 
inhibits rather than activates AMPK (Figure 7A). The third 
possibility was supported in part by the results of in vitro 
phosphorylation assays that confirm that AMP can indeed 
enhance the ability of AMPK to phosphorylate three spe-
cific targets increased by vasopressin in PKA-null cells 
(Figure 7B). In addition, we found that several other SNF1-
subfamily protein kinases can also target the regulated 
phosphorylation sites in vitro (Figure 8). Consistent with 
the fourth possibility, cGMP-activated kinases (Protein 
Kinase G) have been shown to be activated by high levels 
of cAMP, similar to those measured in PKA-null cells in 
the present study.32,33 Prior studies have found that AMPK 
can be activated by nitric oxide working through cGMP 
34,35 pointing to a role for Protein Kinase G in the regula-
tion of AMPK. It is not clear whether activation of Protein 
Kinase G can cause activation of other SNF1-subfamily 
kinases, however.

4.4  |  Downstream effects of SPAK, atypical 
PKC, and SNF1-subfamily protein kinases in 
vasopressin action

The phosphoproteomics data in this study indicate that, 
in the absence of PKA, vasopressin activates the pro-
tein kinase SPAK (Stk39) and one or more members of 
the SNF1 (AMPK-related) kinase subfamily. It also de-
creases activation of an atypical protein kinase C (Prkci) 
through a decrease in active site phosphorylation (T411). 
SPAK has previously been implicated in the regulation 
of blood pressure and NaCl balance through effects in the 
distal nephron.36 SPAK phosphorylation was increased 
by vasopressin in PKA-null cells at a site in its regulatory 
domain (S383), a known target of the “With-No-K” pro-
tein kinase WNK4.37 Vasopressin activates the thiazide-
sensitive Na-Cl cotransporter in association with increased 
SPAK phosphorylation 38 and the regulation is ablated by 
SPAK deletion,39 indicating that the vasopressin effect on 
NaCl transport is dependent on SPAK activation. Although 
SPAK has been best characterized in non-AQP2 expressing 
cells, it has been found to be strongly expressed in collect-
ing duct principal cells,40 although a specific role in AQP2 
regulation has not yet been explicitly assigned.

Activation of one or more SNF1-subfamily kinases by 
vasopressin in PKA-null mpkCCD cells may have implica-
tions with regard to the regulation of AQP2. Prior studies 
implicated AMPK in the regulation of AQP2 traffick-
ing41,42 and osmotic water transport41,43 in the renal collect-
ing duct. Furthermore, data from a cultured collecting duct 
cell line, MDCK, provided strong evidence for a central 
role of another SNF1-subfamily kinase, viz. Mark2 (Par-1), 
in the regulation of collecting duct cell polarity and ve-
sicular trafficking.44-54 PKC-iota is an “atypical” protein 
kinase C, ie it is calcium- and diacylglycerol-independent, 
that plays an important role in creating and maintaining 
epithelial polarity.55

A key finding was that, in both PKA-intact and PKA-null 
cells, vasopressin increased phosphorylation of AQP2 at a 
key residue, S256, which is believed to be critical to AQP2 
trafficking to the plasma membrane.56 Thus, some non-PKA 
protein kinase can phosphorylate S256 of AQP2. A Bayesian 
analysis of AQP2 phosphorylation identified the protein ki-
nases (among the 523 protein kinases in the mouse genome) 
that are most likely to phosphorylate S256, based on inte-
gration of multiple data types.57 The top-ranked kinases in-
cluded several SNF1-subfamily kinases including Mark2, 
Mark3, and Nuak2. It also included non-SNF1-subfamily 
kinases, Prkci and Protein Kinase G (Prkg2), but not SPAK. 
Evidence for a role for Protein Kinase G has previously been 
presented by Bouley and colleagues.58 Other studies have 
also proposed S256 phosphorylation by other non-PKA pro-
tein kinases including AKT,59 casein kinase,60 and protein 
kinase C-δ (PKCδ),59 none of which derive support from the 
present study.

An additional important question is whether the activation 
of one or more SNF1-subfamily kinases seen in PKA-null cells 
also occur in PKA-intact cells. In the present study, there are two 
sites (S711 of Gys1 and S377 of Osbp) that responded to V2R 
stimulation with an increase in phosphorylation in both PKA-
null and PKA-intact cells (Supporting Table S3). Prats et al had 
showed that PKA phosphorylates human muscle Gys1 on S710 
(analogous to S711 in mouse) following exhausting exercise 
that alters its intracellular distribution.61 Mohammadi et al re-
ported S381 of rabbit Osbp (analogous to S377 in mouse) as a 
cholesterol-sensitive phosphorylation site.62 Notably, in PKA-
intact cells, no changes in phosphorylation in Arhgef2 at S151, 
Crtc1 at S151 or Lipe at S559 were observed. In our previous 
study in PKA-intact cells, vasopressin exposure was shown to 
trigger Crtc1 translocation into the nucleus,9 although a change 
in S151 phosphorylation was not tested. Overall, majority of 
the putative SNF1-subfamily kinase targets that increased in 
PKA-null cells due to V2R stimulation, remained unchanged 
in PKA-intact cells. We, therefore, speculate that the activation 
of SNF1-subfamily kinases may be dependent on the very high 
cAMP production rate in the PKA-null cells and may not be a 
general feature of PKA signaling.
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4.5  |  Data sharing

Although this paper focuses on signaling processes related 
to the action of vasopressin to regulate water transport in the 
kidney, the experimental system that we used in this study 
can be viewed as a model of Gsα-coupled GPCR signaling in 
general. To facilitate the use of the data in the future, we have 
provided the curated datasets in the form of two publically 
accessible databases (PKA-null and PKA-intact). In general, 
our own analysis only “scratched the surface” regarding the 
bioinformatic analysis of these data and hope that the provi-
sion of these publicly accessible data resources will facilitate 
its utilization.
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