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Abstract
Vasopressin-mediated control of water permeability in the renal collecting duct occurs in part through
regulation of the distribution of aquaporin-2 (AQP2) between the apical plasma membrane and
intracellular membrane compartments. Phosphorylation of Ser-256 at AQP2's cytoplasmic COOH-
terminus is well-accepted as a critical step for translocation. The aim of this study was to identify
binding partners to phosphorylated versus nonphosphorylated forms of the AQP2 COOH-terminus
via a targeted comparative proteomic approach. Cytosol from inner medullary collecting ducts
isolated from rat kidneys was incubated with “bait” peptides, representing the COOH-terminal AQP2
tail in its nonphosphorylated and phosphorylated forms, to capture differentially-bound proteins prior
to LC-MS/MS analysis. Mass spectrometric results were confirmed by immunoblotting.
Immunoprecipitation was performed using an AQP2 COOH-terminal antibody combined with
immunblotting against the proposed binding partners in order to demonstrate interactions with native
AQP2. Our studies confirmed previously identified interactions between AQP2 and hsc70, hsp70−1
and −2, as well as annexin II. These proteins were found to bind less to the Ser-256-phosphorylated
AQP2 than to the non-phosphorylated form. In contrast, another heat shock protein, hsp70−5 (BiP/
grp78), bound to phosphorylated AQP2 more avidly than to non-phosphorylated AQP2. Immunogold
EM studies demonstrated that BiP is present not only in the ER, but in the cytoplasm and apical
plasma membrane of rat collecting duct cells. Furthermore, confocal immunofluorescence studies
showed partial colocalization of BiP with AQP2 in non-ER compartments. These results suggest that
phosphorylation of AQP2 at Ser-256 may regulate AQP2 trafficking in part by mediating differential
binding of hsp70 family proteins to the COOH-terminal tail.
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INTRODUCTION
Vasopressin-regulated trafficking of aquaporin-2 (AQP2) to and from the apical plasma
membrane of collecting duct principal cells is a central process in the regulation of renal water
excretion 1. The net amount of AQP2 present in the plasma membrane depends on a dynamic
equilibrium between endocytosis and exocytosis of vesicles containing AQP2, both of which
are regulated by vasopressin 2-4. Vasopressin signaling in collecting ducts involves binding
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of vasopressin to the V2 receptor, which activates adenylyl cyclases, increases intracellular
cAMP concentrations, and activates protein kinase A (PKA) 2,5,6. Acting through cAMP,
vasopressin also increases intracellular calcium in collecting duct cells 7 and the vasopressin-
mediated increase in osmotic water permeability in the collecting duct is in part dependent on
calcium and calmodulin 8,9.

AQP2 is phosphorylated at four sites on its cytoplasmic COOH-terminus: Ser-256, Ser-261,
Ser-264, and Ser-269 10. Phosphorylation at all four sites has been shown to be regulated by
vasopressin 11,12. Among these sites, phosphorylation at Ser-256 was identified first and has
been shown to play a critical role in the trafficking process 13-16. This is the only one of the
four sites that has been shown to be directly phosphorylated by PKA 12.

Hypothetically, regulation of exo- and endocytosis of AQP2-containing vesicles involves
interactions with proteins that physically connect AQP2 to motive mechanisms that translocate
the vesicles toward and away from the apical plasma membrane. Working with this hypothesis,
several groups have identified proteins that bind to AQP2 and play potential roles in trafficking.
These proteins include SPA-1 17, actin 18, hsc70/hsp70 19, MAL 20, annexin II 21,22,
tropomyosin 5b (tropomyosin 1 alpha, isoform h) 23, and AKAP220 24. One way that
vasopressin could control trafficking is to affect the binding of these or other proteins to the
COOH-tail of AQP2 through changes in binding affinities resulting from regulated
phosphorylation. Thus, an important objective is to discover proteins that bind to AQP2 in a
manner that is dependent on vasopressin-mediated changes in AQP2 phosphorylation.

One productive approach for discovery of protein-protein interactions involving AQP2 has
been yeast 2-hybrid screening 19,20. However, the yeast 2-hybrid approach is, in its present
format, incapable of demonstrating phosphorylation-dependent interactions. Recently,
proteomic approaches have become practical with the advent of protein mass spectrometry and
genome sequencing projects. Barile et al. immunoisolated AQP2 bearing-vesicles to profile
proteins contained in the same vesicular fraction as AQP2 25. Noda et al. used protein mass
spectrometry coupled with immunoprecipitation to identify proteins directly associated with
AQP2 21.

Here, we employed a bait peptide pull-down approach similar to that of Thelin et al. 26, who
investigated binding partners for CFTR and to that of McFarland et al. 27, who investigated
binding partners for the differentially phosphorylated COOH-terminus of α-synuclein. We
anticipated that finding binding partners with differential selectivities to these phosphorylated
forms would have implications for their potential roles in AQP2 trafficking. Moreover, AQP2
binding partners could be involved in either endocytosis or exocytosis depending, in part, on
their cellular localization. Here we used pull-downs with synthetic AQP2 COOH-terminal
peptides and phosphopeptides to identify differentially bound proteins. As Ser-256 is the only
known phosphorylation site in AQP2 directly phosphorylated by PKA and because this site
has been demonstrated to be critical to regulation of AQP2 trafficking, we focused mainly on
Ser-256 phosphorylated AQP2. We also included a Ser-261 phosphorylated peptide in our
analysis since this site and the Ser-256 site have been demonstrated to be reciprocally regulated
by vasopressin 10,28.

METHODS
Antibodies

Rabbit IgG directed against the AQP2 COOH-terminus was used as previously described 12.
Affinity purified rabbit IgG directed against NaPi-2 was used as a negative control for
immunoprecipitation experiments because this protein is not expressed in the rat inner medulla
29,30. Commercially available primary antibodies for immunoblotting are summarized in
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Supplementary Methods. Fluorescent secondary antibodies against rabbit, mouse, goat, and
chicken were purchased from Li-cor (Lincoln, NE) and Rockland (Gilbertsville, PA). HRP-
conjugated TrueBlot anti-rabbit antibodies were purchased from eBioscience (San Diego, CA)
for development of selected post-immunoprecipitation immunoblots.

Peptides and Proteins
Three biotinylated AQP2 COOH-terminal peptides were synthesized by AnaSpec (San Jose,
CA). All had the following amino acid sequence: Biotin-LC-
CEPDTDWEEREVRRRQSVELHSP QSLPRGSKA. One was phosphorylated at Ser-256
(“pS256 peptide”), one was phosphorylated at Ser-261 (“pS261 peptide”) and one was
unphosphorylated. (“nonphospho-peptide”). The sequence of each peptide was verified by
mass spectrometry. Equality of the peptides concentrations was confirmed by dot blot analysis
using fluorescently-conjugated streptavidin (IRDye 800, Rockland) to detect the biotinylated
COOH-termini (see Supplementary Figure 2).

Circular Dichroism of Phosphopeptides
Circular dichroism was performed using a Jasco J-715 spectropolarimeter. Three sets of
biotinylated peptide samples (non-phospho, pS256, and pS261) were prepared in 1X PBS.
Samples were scanned from 200 to 260 nm with a band width of 0.5 nm, response time of 0.5
sec at a scanning speed of 50 nm/minute in a 0.2 cm cell with 10 accumulations per sample.

Animal studies
Pathogen-free male Sprague-Dawley rats (Taconic Farms, Germantown, NY) weighing 200
−250 g were maintained on an autoclaved pelleted rodent chow (413110−75−56, Zeigler Bros.,
Gardners, PA) and ad libitum drinking water. All experiments were conducted in accord with
an animal protocol approved by the Animal Care and Use Committee of the National Heart,
Lung, and Blood Institute (ACUC protocol number H-0110).

For AQP2 COOH-terminal peptide pull-downs, rats were provided sucrose water (250 mosm/
kg) for two days in order to induce drinking to reduce baseline vasopressin levels. The urinary
osmolality was 387 ± 485 (SD) mosm/kg (N=26). For all other experiments, rats were provided
with ad libitum water. Inner medullary collecting duct (IMCD) tubule isolation from rat kidneys
has been described previously 8,31.

Pull-Downs Using Biotinylated AQP2 COOH-Terminal Peptides
Pooled IMCD tubules from 4 rats (1−2 mg of total protein) were homogenized using a Potter-
Elvehjem homogenizer (10 cycles, 15 second pulses) in “cytosolic buffer”. Cytosolic buffer
was designed to mimic intracellular osmolality, pH, and divalent cation concentrations. This
buffer consisted of 180 mM Tris HCl, 2 × 10−4 mM Ca2+, 0.8 mM Mg2+, 1X phosphatase
inhibitor cocktail (HALT, Pierce), protease inhibitor tablets (Complete Mini, Roche), and
dithiothreitol (0.5 mg/ml), and was titrated to pH 7.2. Final osmolality was approximately 330
mosmol/kgH2O. Homogenates were then spun at 200,000 X g for 1 h at 4°C. Supernatants
(“cytosol”) were saved and diluted approximately five to eight-fold in cytosolic buffer with
detergents (1% Triton X-100, 0.1% SDS, and 0.5% sodium deoxycholate). This material was
evenly divided into individual sample tubes (300 − 500 μg of protein per tube). To these tubes,
either biotin (no peptide control), biotinylated nonphosphorylated AQP2 COOH-terminal
peptide, pS256 peptide, or pS261 peptide was added in equimolar amounts (5 − 12 nmol
depending on experiment). After vortexing, tubes were incubated overnight at room
temperature with gentle agitation.
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The following day, MyOne Streptavidin C1 Dynabeads (Invitrogen) that were pre-washed in
cytosolic buffer (with detergents) were added to each tube in a ratio of 1 μg peptide/10 μl
Dynabeads, or an approximately 1:1 ratio of biotin to streptavidin. Samples were incubated at
room temperature with gentle rocking and periodic vortexing for two hours. Samples were
washed four times with 500 μl cytosolic buffer with detergents. Samples were eluted in 1X
Laemmli Buffer (1.5% SDS, 50 mM Tris (pH 6.8), and 6% glycerol).

Separation by 1-D SDS-PAGE and Trypsinization
Eluted samples from AQP2 COOH-terminal peptide pull-downs were run on 4−20% SDS-
PAGE gels (Biorad, Hercules, CA) and stained with Coomassie blue. Entire lanes
corresponding to eluates from each AQP2 COOH-terminal peptide were cut in parallel fashion,
washed, reduced, alkylated, and trypsin-digested as described previously 32 and in detail in
Supplementary Materials and Methods.

LC-MS/MS Protein Identification and Analysis
LC-MS/MS was performed on an LTQ tandem mass spectrometer (MS/MS, Thermo Electron
Corp., San Jose, CA) via a nanoelectrospray ion source as described previously 33. The spectra
with a total ion current greater than 10,000 were used to search for matches to peptides in a
concatenated RefSeq database using Bioworks software (Version 3.1, Thermo Electron Corp.)
based on the Sequest algorithm. The concatenated “target/decoy” database was composed of
forward protein sequences and reversed protein sequences derived from the NCBI using in-
house software. Filtering parameters were set to achieve a desired false discovery rate of < 2%
for individual peptides. All protein identifications in this study were based on multiple peptide
matches.

Quantification of Mass Spectra
Spectral counting was used to test for differential abundances of proteins in AQP2 COOH-
terminal peptide pull-down eluates. Proteins of interest were further analyzed for relative
quantification by label-free quantification using QUOIL software, which calculated the ratios
of the areas of the reconstructed peptide LC elution profiles from multiple samples 34. The
peptide mass tolerance was set to 0.5 Da. The minimal signal-to-noise threshold was set at 1.5
fold.

Immunoblotting
Samples in Laemmli buffer with DTT were heated to 65°C for 10 minutes; samples which
contained Triton X-100 prior to addition of Laemmli buffer were heated at 37°C for 10 minutes.
All samples were run on Criterion Tris-HCl polyacrylamide gels (Biorad). Transfers were
performed at constant current (0.25 mAmp) for 1 hour in Fairbanks buffer. All membranes
were blocked for at least one hour at room temperature using a proprietary blocking solution
(Li-Cor Odyssey block). Primary antibody incubation was performed in Odyssey block with
0.1% Tween and 1.5 mM sodium azide overnight with rocking. Secondary incubation was
performed in the same buffer but incubated for one hour at room temperature. Immunoblots
were scanned and band density quantified using the Li-cor Odyssey fluorescence system. Co-
immunoprecipitation immunoblots for annexin II, PP1c, and BiP were developed on Kodak
X-AR film.

Immunoprecipitation of AQP2 from Native IMCD
Cells were incubated with 10−9 M dDAVP for 20 minutes in bicarbonate solution (pH 7.4)
under 5% CO2 for co-immunoprecipitation of BiP 8. Isolated cells were lysed by Potter-
Elvehjem homogenization in the presence of 0.1% Triton X-100, 0.01% SDS, and 0.05%
sodium deoxycholate in cytosolic buffer. Total protein was measured in homogenates using
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the BCA assay, and 100 μg total protein was used per sample. Enough DTT was added to
achieve a concentration of 0.5 μg/ml. AQP2 was immunoprecipitated using a rabbit IgG
antibody directed against a region of the COOH-terminus of AQP2, upstream from the
polyphosphorylated region 12. An affinity purified rabbit IgG directed against the proximal
tubule sodium-phosphate co-transporter 2 (NaPi-2) was used as a negative control, since this
transporter is not expressed in native collecting duct cells. Antibodies were tested for
specificity: anti-AQP2 but not anti-NaPi-2 pulled down AQP2; anti-NaPi-2 recognized no
IMCD proteins on immunoblotting (data not shown).

For these immunoprecipitations, 100 μg total IMCD protein with 15 μg IgG (control or anti-
AQP2) was incubated in 200 μl cytosolic buffer containing protease and phosphatase inhibitors
and DTT as above in the presence of 200 μg Triton X-100, 20 μg SDS, and 100 μg sodium
deoxycholate. The detergent amount was chosen based on the rule-of-thumb stating a
requirement of approximately 2 mg nonionic detergent per 1 mg membrane protein for full
solubilization 35. Samples were incubated overnight at 4°C with end-over-end rocking. Each
sample was added to 100 μl of pre-washed protein G-coated Dynabeads. Capture was
performed by end-over-end rotation for 1 hour at 4°C. Dynabeads were then washed 4 times
with 500 μl of the same solution. Elution was performed twice in 2X Laemmli buffer with 77
mg/ml DTT at 37°C for 30 minutes, and eluates were pooled. Eluates were then run on SDS-
PAGE and subjected to immunoblotting for the various putative AQP2 binding partners.

Preparation of tissue for immunogold electron microscopy
Fixed tissue blocks from the kidney inner medulla were infiltrated with 2.3 M sucrose for 30
min, and frozen in liquid nitrogen. Frozen tissue blocks were subjected to cryosubstitution and
Lowicryl HM20 embedding. Lowicryl sections of 80 nm were cut on a Reichert Ultracut S and
were preincubated with 0.05 M Tris, pH 7.4, 0.1% Triton-X-100 (TBST) containing 0.1%
sodium borohydride and 0.05M glycine followed by incubation with TBST containing 0.2%
skimmed milk. Preincubation was followed by incubation with anti-BiP rabbit polyclonal
antibody (1:250, Abcam ab21685). Labeling was visualized with goat anti-rabbit IgG
conjugated to colloidal gold particles. Grids were stained with uranyl acetate for 10 min and
with lead citrate for 5 s.

Immunolabeling of kidney sections and confocal laser scanning microscopy
This technique has been described in detail previously 36. Primary antibodies used were BiP
(1:1000, Abcam ab21685); protein phosphatase 1 catalytic subunit, beta isoform (1:1000,
Abcam, ab53315); annexin II (1:2000, Santa Cruz) and chicken anti-AQP2 (1:5000 dilution).
A Leica TCS SL (SP2) laser confocal microscope and Leica Confocal Software was used for
imaging of the kidney tissue sections. Images were taken using a HCX PL APO 63x oil
immersion objective lens.

Statistical Analysis
Statistical analysis was conducted using InStat3 (Graphpad Software, La Jolla, CA). For
immunoblot confirmation of mass spectrometric results, ANOVA analysis was performed with
Bonferroni comparisons of multiple data sets.

RESULTS
Circular Dichroism

Figure 1 shows circular dichroism spectroscopic analysis of the biotinylated AQP2 COOH-
terminal peptides used in this study. Peptides were carefully weighed to assure equal
concentrations. The voltage graph in the bottom panel showing identical, overlapping curves

Zwang et al. Page 5

J Proteome Res. Author manuscript; available in PMC 2010 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



for each of the three AQP2 COOH-terminal peptides, indicating that their concentrations were
virtually identical. The CD spectroscopic tracings for the peptides are non-superimposable,
indicating a difference in secondary structure. The CD spectroscopic curves shown represent
the mean ± SEM for a large number of overlapping points for three measurements per peptide.
Between 220 and 224 nm, the nonphosphorylated peptide appears most alpha helical, the pS256
peptide appears least alpha helical, and the pS261 peptide is in between. These results suggest
that each of the synthetic peptides used for pull-downs has a unique secondary structure.

Mass Spectrometric Analyses of AQP2 COOH-Terminal Peptide Pull-Downs
Proteins that were pulled down from the cytosol using AQP2 COOH-terminal peptides (either
nonphosphorylated, phosphorylated at S256, or phosphorylated at S261) were identified by
LC-MS/MS. Table 1 shows proteins that displayed differential binding relative to the “no
peptide” controls based on overall spectral count from four separate trials (“experiment number
1−4”). (Trials in which the AQP2-pS261 peptide was not included are designated with an “x”
in the pS261 column in Table 1.) We identified seven proteins that bound selectively to either
the non-phosphorylated peptide or the pS256 peptide: 1) heat shock cognate 70 (also known
as hsp70 isoform 8); 2) heat shock protein 70 (two different isoforms, namely hsp70 isoform
1 and hsp70 isoform 2); 3) BiP (also known as Grp78 or hsp70 isoform 5); 4) annexin II; 5)
protein phosphatase 1 catalytic subunit; 6) GDP dissociation inhibitor 2 (GDI-2); and 7) ras-
related nuclear protein (RAN). The unique RefSeq identifiers for these proteins are included
in Table 1, allowing the reader to retrieve sequence and annotation information. Among the
seven proteins identified, BiP bound selectively to the pS256 AQP2 COOH-terminal peptide,
while the others bound selectively to the nonphosphorylated peptide. Furthermore, hsc70
bound selectively both to the nonphosphorylated and the pS261 peptides relative to the pS256
peptide. Supplementary Table 1 lists the unique peptides identified for each of the seven
proteins in each experiment.

To confirm and quantify the semi-quantitative results described in Table 1, we carried out label-
free quantification of reconstructed ion chromatograms from the spectra generated for Table
1 34. Reconstructed MS1 ion chromatograms for selected peptides are shown in Figures 2A-
G. Table 2 shows formal quantification of proteins that displayed differential binding relative
to the “no peptide” controls based on average area under the reconstructed ion chromatograms
for all peptides of a given protein. Proteins that were identified as having statistically significant
binding differences in AQP2 phosphorylated “bait” peptides (pS256 or pS261) versus the
nonphosphorylated AQP2 “bait” peptide are indicated.

Confirmation by Immunoblotting
To confirm results obtained by mass spectrometry, the same eluates were evaluated by
immunoblotting (Figure 3A-C). Two positive controls were used: 1) whole IMCD homogenate
(to demonstrate the presence of each of the seven identified proteins in the rat IMCD) and 2)
pre-pull-down cytosol. Each of the seven proteins identified by mass spectrometry was present
in this cytosolic fraction. The immunoblots confirmed that hsc70, hsp70, annexin II, PP1c,
GDI-2, and RAN all bound more to the nonphosphorylated peptide than to the phosphorylated
peptides. In contrast, co-immunoprecipitated BiP was greatest in the eluate from the pS256
peptide, slightly visible in the eluate from the nonphosphorylated peptide, and undetectable in
the eluate from pS261 peptide.

Figures 3B and 3C show quantified band densities. Statistically significantly greater abundance
(p<0.05 by ANOVA Bonferroni comparison across multiple samples) was demonstrated in the
eluates corresponding to the nonphosphorylated COOH-terminal peptide pull-downs for hsc70
(n=5), hsp70 (n=3), annexin II (n=4), PP1c (n=4), and RAN (n=4). There was also statistically
significantly greater abundance of hsc70 in the eluates corresponding to the pS261 peptide

Zwang et al. Page 6

J Proteome Res. Author manuscript; available in PMC 2010 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



compared to those of pS256. Again, BiP (n=3) strongly and selectively bound to the pS256
peptide (Figure 3C).

Given the presence of PP1c, we asked whether another common S/T phosphatase, PP2Ac, was
also present in pull-down eluates. Immunoblotting detected this protein in positive controls
but not in any of the eluates corresponding to the AQP2 COOH-terminal peptides
(Supplementary Figure 6). This suggests a specific association between PP1c but not PP2Ac
and the COOH-terminus of AQP2.

Co-immunoprecipitation of AQP2 binding partners
To test whether proteins that bound in vitro AQP2 COOH-terminal peptides also bound to
native AQP2, immunoprecipitation was performed using an anti-AQP2 antibody followed by
immunoblotting for specific, putative binding partners (Figure 4). Three out of the seven
proteins that bound in vitro were also found to co-immunoprecipitate with native AQP2. (Due
to standard technical limitations, we could not confirm that the other four proteins bind in
vivo.) Annexin II (n=4) and PP1c (n=4) were present in eluates, suggesting an association
between these proteins and native AQP2 in native rat IMCD cells. To analyze whether BiP
was present in eluates corresponding to immunoisolated AQP2, rat IMCD cells were first
treated with dDAVP to maximize the amount of pS256-AQP2 in the cells. BiP was present in
these eluates (n=2). This finding further demonstrated a previously unknown interaction
between BiP and native AQP2. To confirm the interaction between AQP2 and these potential
binding partners using an orthogonal system, we also co-immunoprecipitated BiP, PP1c, and
annexin II using an N-terminal AQP2 antibody in MDCK cells stably transfected with wildtype
AQP2 (Supplementary Figure 7). In cells stably transfected with an AQP2 construct containing
an S256A mutation, co-immunoprecipitation of these 3 proteins was significantly reduced.
These proteins were not present in eluates when non-related immune serum was used for the
immunoprecipitation (data not shown).

Immunogold electron microscopy of BiP in normal rat kidney
BiP is known to be an endoplasmic reticulum resident protein, but also has been demonstrated
to be present throughout the cytoplasm in other studies 37-43. We performed immunogold
electron microscopy in order to definitively address whether BiP is also located outside the ER
in IMCD cells. In inner medulla, BiP localized both intracellularly and to the apical plasma
membrane of collecting duct principal cells (Figure 5). A part of the intracellular localization
was in a distribution consistent with its presence in the ER.

Co-localization of AQP2 and binding partners by confocal immunofluorescence microscopy
We carried out immunofluorescence immunocytochemistry in order to localize the AQP2
binding partners BiP, PP1c, and annexin II. BiP partially co-localized with AQP2 in both
cytoplasm and at the apical region of IMCD principal cells (Figure 6A-H). A cytoplasmic
distribution was found for PP1c in IMCD (Figure 6I), with a more apical co-localization with
AQP2 in cortical collecting duct (Figure 6M). Annexin II was also localized to collecting ducts
along with AQP2 (Figure 6N). In the initial IMCD (Figure 6O), annexin II and AQP2, partially
co-localized at the apical plasma membrane.

DISCUSSION
In this study, we aimed to identify binding partners to the differentially-phosphorylated forms
of the AQP2 COOH-terminus, the portion of the AQP2 molecule that has been implicated in
the regulation of trafficking to the apical plasma membrane 2,5,6. We used protein mass
spectrometry as a tool to establish binding partners’ identities and relative abundances in the
eluates of a cytosolic pull-down experiment using synthetic AQP2 COOH-terminal peptides.
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Mass spectrometry was used as an initial screening tool, followed by confirmation by semi-
quantitative immunoblotting and evaluation of identified interactions with native AQP2 by
coimmunoprecipitation. Evaluation of mass spectra and subsequent verification by
immunoblotting demonstrated the associations between hsp70/hsc70 and AQP2 shown by Lu
et al 19 Our studies further verified and characterized the association between annexin II and
AQP2 previously demonstrated from mass spectrometric analysis of AQP2
immunoprecipitates 44.

Other proteins that have been shown previously to interact with AQP2, namely SPA-1 17 and
MAL 20, were not identified in the present study. SPA-1 is a RapGAP 17. According to the
IMCD transcriptome database (http://dir.nhlbi.nih.gov/papers/lkem/imcdtr), the abundance of
SPA-1 mRNA is very low in the IMCD 45, suggesting that the protein abundance may be low
as well, limiting our ability to detect it. MAL is an integral membrane protein. Our pull-downs
utilized only the cytosolic fraction of IMCD cells for incubation with AQP2 COOH-terminal
peptides. Thus, we would not expect to have identified MAL in these experiments.

Our studies, then, yielded seven candidate binding partners to the AQP2 COOH-terminus as
demonstrated quantitatively by protein mass spectrometry and by immunoblotting of pull-
downs: hsc70, hsp70 (isoforms 1 and 2), BiP (Grp78, or hsp70 isoform 5), annexin II, PP1c,
GDI-2, and RAN. With the notable exception of BiP, which was most abundant in the eluates
corresponding to the pS256 AQP2 COOH-terminal peptide pull-downs, the other candidate
binding partners showed a preference for the nonphosphorylated peptide. Interestingly, hsc70
showed a small but statistically significant preference for the nonphosphorylated and pS261
COOH-terminal AQP2 tail peptides over the pS256 peptide.

Studies using circular dichroism, a spectroscopic technique capable of elucidating peptide and
protein secondary structure, demonstrated that the nonphosphorylated form of the AQP2
COOH-terminus appeared most alpha−helical; phosphorylation at Ser-256 significantly altered
this conformation, and phosphorylation at Ser-261 caused a less pronounced change. These
findings are consistent with the hypothesis that a charge effect from phosphorylation is not the
sole mediator of binding partner selectivity for the differentially phosphorylated AQP2 COOH-
terminus. Thus, we may partially explain slight changes in binding partner selectivities to the
AQP2 COOH-terminus by alteration of secondary structure due to phosphorylation. In the
remainder of this discussion, we describe potential physiologic consequences for these
demonstrated protein-protein interactions.

The direct interaction of hsp70 and hsc70 with AQP2 was initially characterized by Lu et al
19. Our findings are consistent with their GST and native protein pull-down studies. Moreover,
we were able to demonstrate different selectivities of hsp70 and hsc70 for the various in
vitro phosphophorylated AQP2 COOH-terminal peptides. Our in vitro data suggested that
hsc70 and hsp70 interact selectively with AQP2 that is not phosphorylated at Ser-256, which
would be expected to be more abundant in the absence of vasopressin. Lu et al. showed that
functional knockdown of hsc70 induced membrane accumulation of AQP2, demonstrating
potential involvement of hsc70 in clathrin-mediated endocytosis of AQP2 19.

BiP is a unique member of the hsp70 family, whose primary function is believed to be in the
quality control mechanism in the ER. Its unique KDEL sequence is known to be an ER
localization signal 46. However, a number of studies have shown BiP localization at the plasma
membrane and cytosol in a variety of cell types 37-43. We have confirmed these conclusions
in collecting duct cells using immunogold EM and confocal immunofluorescence microscopy.
BiP appeared in our cytosolic fractions of IMCD cell homogenates, despite stringent
ultracentrifugation prior to the AQP2 COOH-terminal peptide pull-down experiments. We
further confirmed an association between native AQP2 and BiP by immunoprecipitation of
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AQP2 from native IMCD cells and subsequent immunoblotting for BiP. BiP abundance has
been shown to decrease in animals subjected to long-term vasopressin escape, a condition in
which pS256-AQP2 theoretically decreases compared to control animals 47. In contrast, BiP
abundance has been shown to increase in the IMCD after long-term lithium treatment 48. Our
finding that BiP preferentially binds pS256 AQP2 COOH-terminal peptides suggests a
trafficking role for this protein or possibly a counter-regulatory role in hsc70/hsp70-mediated
endocytosis of AQP2. Alternatively, BiP binding to pS256 may alter the conformation of the
C-terminal tail of AQP2, thereby promoting the association of kinases that phosphorylate
AQP2 at neighboring sites. This could potentially explain the dependence of phosphorylation
at S264 and S269 on prior phosphorylation at S256 as demonstrated by Hoffert et al. 12.

Several studies have suggested an association between annexin II and AQP2 21,22. Annexins
have been a subject of interest in AQP2 trafficking since Hill et al. identified an association—
though not a functional one—between annexin IV and AQP2 49. Barile et al. found that
immunoisolated AQP2-bearing vesicles contained annexins I, II, IV, and V 25. Furthermore,
Noda et al. identified annexin II as part of a “multiprotein ‘motor’ complex” associated with
immunoprecipitated AQP2 21. We found preferential binding of annexin II to the
nonphosphorylated AQP2 COOH-terminal peptide. A direct association was confirmed by co-
immunoprecipitation of annexin II with an antibody against AQP2. Since annexin II has been
shown to be involved in both endocytosis and exocytosis, it is possible that this protein
functions in both processes in the collecting duct 50. Finally, a recent study by Tamma et al.
demonstrates that inhibition of annexin II impairs water permeability in cultured cells 22.

PKA has been demonstrated to bear responsibility for phosphorylation of Ser-256. To our
knowledge, until the present study, no phosphatases have been proven to associate directly
with the COOH-terminus of AQP2. A study by Valenti et al. suggested a functional interaction
between AQP2 and either PP2A or PP1 51. That particular study found that the phosphatase
inhibitor okadaic acid, at concentrations high enough to inhibit both phosphatases, increased
osmotic water permeability and increased AQP2 trafficking to the plasma membrane. These
findings, taken together with our findings that PP1c, but not PP2Ac, preferentially binds the
nonphosphorylated AQP2 COOH-terminus in vitro (by peptide pulldown and
immunoblotting), suggests the hypothesis that PP1 may play a role in regulation of the
phosphorylation state of the COOH-terminus of AQP2 in the unstimulated state.

The significance of the in vitro association between the AQP2 COOH-terminus and both GDI-2
and RAN remains unclear. GDP dissociation inhibitors such as GDI-2 maintain small GTPases
in their inactive state, preventing their insertion into membranes 52,53. This finding suggests
a potential role of Ras-like GTPase trafficking in regulation of AQP2. Unlike GDI-2, RAN is
primarily known to function in nuclear-cytoplasmic trafficking (possibly bi-directionally) and
in nuclear functions in mitosis, but it is also present in the cytosol 54,55. In a recent proteomics
study by Nielsen et al., RAN expression was increased in the IMCD after two weeks of lithium
treatment 48. However, no clear connection has been established between changes in RAN
expression and lithium-induced down-regulation of AQP2.

In summary, our studies have used mass spectrometry to identify seven potential binding
partners to the AQP2 COOH-terminus in rat IMCD cells. These proteins have differential
selectivities for phosphorylated versus nonphosphorylated AQP2 COOH-terminal, synthetic
peptides in vitro. Furthermore, using an antibody to AQP2, we have been able to co-
immunoprecipitate three of the protein binding partners (i.e. annexin II, PP1c, and BiP) from
native IMCD cells as well as from a stably-transfected kidney cell line. We also demonstrated,
through immunofluorescence microscopy, that these proteins co-localize with endogenous
AQP2 in native rat collecting duct.
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Figure 1. Circular dichroism spectrometry of AQP2 COOH-terminal peptides
Three different phosphorylated forms of the same biotinylated 32 amino acid peptide
corresponding to the COOH-terminus of AQP2 (nonphos, pS256, and pS261) were subjected
to circular dichroism spectrometry. Peptides were weighed and diluted to equal concentrations
for analysis. Experiments were performed in triplicate. Top graph shows circular dichroism
angle of deflection at wavelengths from 0 to 260 nm. Bottom graph shows superimposable
voltage (V) curves for each peptide.
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Figure 2. Mass spectra of peptides identified in eluates of AQP2 peptide pull-downs
Each figure shows a peptide sequence corresponding to one of seven proteins identified in the
eluates from AQP2 peptide pull-downs subjected to mass spectrometry: heat shock cognate
70; heat shock protein 70, isoform 2; BiP; annexin II; protein phosphatase 1 catalytic subunit,
beta isoform; GDP dissociation inhibitor 2; and ras related nuclear protein (RAN). Top panel
of each figure corresponds to MS1 reconstructed ion chromatograms for each peptide
identified. The “no peptide” condition (CTRL) was set as a reference point. Red arrows
correspond to the scan time at which the peptide sequence was identified by fragmentation.
Bottom panels correspond to MS2 for different charge states of the identified peptide. Peaks
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in black are unmatched peaks for each peptide sequence. Matched peaks are colored in red or
blue.
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Figure 3. Confirmation of mass spectrometric results by immunoblotting
A) Whole cell IMCD homogenate (ranging 10−20 μg total protein) was used as a positive
control. A second positive control consisted of cytosol isolated from native IMCD cells (the
starting material for peptide pull-downs). Shown are representative blots: hsc70, n=5; hsp70,
n=3; BiP, n=3; annexin II n=4; protein phosphatase 1 catalytic subunit (PP1c), n=4; GDP
dissociation inhibitor 2 (GDI-2), n=5; ras-related nuclear protein (RAN), n=4. B) Log2
quantification of differences in signal intensity in the eluates corresponding to each AQP2
COOH-terminal peptide pull-down. Band density was normalized in each scan against the
average signal from the nonphospho, pS256, and pS261. The log2 value was taken for each
normalized value. SEM bars are shown on plots. Statistical significance was determined by
using ANOVA with Bonferroni comparison across multiple columns. An asterisk (*) indicates
p<0.05. C) Quantification of differences in BiP signal intensity in the eluates from AQP2
COOH-terminal peptide pull-downs. Log2 values were not taken since some normalized signal
intensities corresponding to the nonphospho- and pS261 peptides were close to zero.
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Figure 4. Immunoprecipitations from native IMCD
The eluates from AQP2 immunoprecipitations were probed by immunoblotting. Blots shown
are representative of repeated experiments: annexin II, n=4; PP1c, n=4; BiP, n=2.
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Figure 5. Immunogold electron microscopy of BiP in normal rat kidney
A) In inner medulla, BiP localizes both intracellularly (arrowheads) and to the apical plasma
membrane (arrows) of collecting duct principal cells. Clusters of gold particles are observed
in intracellular compartments structurally resembling the endoplasmic reticulum (*). At higher
magnification (B) BiP labeling of the ER is more distinct, but there is also strong labeling
associated with the Golgi network and vesicles (C). In the base of the inner medulla (D), BiP
labeling is more prominent in the apical plasma membrane (arrows) but BiP is also clearly
apparent in intracellular vesicles (arrowheads). At higher magnification, BiP labeling is
observed both sub-apically (E, arrowheads) and in direct association with the apical plasma
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membrane (F, arrows). N, nucleus; apm, apical plasma membrane; bm, basal membrane; lm,
lateral membrane.
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Figure 6. Confocal laser scanning microscopy of BiP, PP1c, and annexin II in normal rat kidney
In inner medulla, BiP (A, green) and AQP2 (B, red) are colocalized to collecting duct principal
cells (C). At higher magnification (D) there is partial colocalization (yellow) of BiP and AQP2
within the cytoplasm. In the base of the inner medulla, both BiP (E, green) and AQP2 (F, red)
colocalize (G) at the collecting duct apical plasma membrane. At higher magnification (H) this
is much more apparent. In comparison, PP1c (I, green) and AQP2 (J, red) also colocalize to
collecting duct principal cells (K). In the majority of IMCDs, PP1c (green) is localized
intracellularly (L). In the cortical collecting ducts (M), AQP2 (red, inset) and PP1c (green,
inset) colocalize predominantly at the apical plasma membrane. In the inner medulla (N),
annexin II (green) is localized to collecting ducts along with AQP2 (red). At higher
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magnifcation (inset) annexin II is localized predominanty in the apical and basolateral
membrane domains. In the initial IMCD (O), annexin II (green) and AQP2 (red), partially
colocalize (yellow) at the apical plasma membrane.
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Table 2
MS-based quantification of proteins that bound to AQP2 COOH-terminal peptides.

Protein name Nonphos pS256 pS261

hsc70 5.70 ± 0.27 3.70 ± 0.32*** 3.87 ± 0.35***

hsp70 isoform 1 3.41 ± 0.44 2.4 ± 0.49 1.59 ± 0.43*

hsp70 isoform 2 4.17 ± 0.38 1.98 ± 0.60** 1.63 ± 0.58**

BiP 2.13 ± 0.57 5.36 ± 0.37*** 0.23 ± 0.54*

annexin II 3.19 ± 0.32 2.11 ± 0.34* 2.09 ± 0.16*

PP1c 2.85 ± 0.98 1.61 ± 1.04 0.74 ± 0.57

GDI2 3.93 ± 1.25 1.06 ± 0.96 1.3 ± 1.34

RAN 1.9 ± 0.57 1.49 ± 0.25 0.72 ± 1.48
*
p < 0.05

**
p < 0.01

***
p < 0.001
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