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Abstract
Protein phosphorylation plays a critical role in the signaling pathways regulating water and solute
transport in the distal renal tubule (i.e., renal collecting duct). A central mediator in this process is
the antidiuretic peptide hormone arginine vasopressin, which regulates a number of transport
proteins including water channel aquaporin-2 and urea transporters (UT-A1 and UT-A3). Within
the past few years, tandem mass spectrometry-based proteomics has played a pivotal role in
revealing global changes in the phosphoproteome in response to vasopressin signaling in the renal
collecting duct. This type of large-scale ‘shotgun’ approach has resulted in an exponential increase
in the number of phosphoproteins known to be regulated by vasopressin and has expanded on the
established signaling mechanisms and kinase pathways regulating collecting duct physiology. This
article will provide a brief background on vasopressin action, will highlight a number of recent
quantitative phosphoproteomic studies in both native rat kidney and cultured collecting duct cells,
and will conclude with a perspective focused on emerging trends in the field of
phosphoproteomics.
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Vasopressin signaling in the renal collecting duct
Regulation of water excretion by the kidney is critical for maintaining the proper tonicity of
body fluids. The peptide hormone arginine vasopressin (AVP) is the key regulator of renal
water excretion. When AVP levels are high (the ‘antidiuretic’ state), more water is
reabsorbed by the kidney, which produces concentrated urine. When AVP levels are low
(the ‘diuretic’ state), a larger volume of water is excreted by the kidney, which produces
diluted urine. Dysregulation of AVP signaling features prominently in disorders such as
diabetes insipidus, syndromes of inappropriate antidiuretic hormone hypersecretion and
congestive heart failure (reviewed by Nielsen et al. [1]).

The entire cascade of known signaling events begins with the release of AVP from the
posterior pituitary in response to an elevation in blood osmolality above the normal range
(290–294 mosmol/kg H2O). AVP binding to the V2 receptor (a Gs protein-coupled receptor)
on the basolateral membrane of collecting duct epithelial cells triggers activation of two
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adenylyl cyclases (types III and VI) [2,3] and a subsequent rise in intracellular cAMP. One
of the main targets of cAMP is protein kinase (PK)A, which has been shown to
phosphorylate a serine residue, Ser256, in the C-terminal tail of the membrane water channel
aquaporin-2 (AQP2) [4]. This phosphorylation event is critical for trafficking of vesicles
containing AQP2 to the apical plasma membrane [5–8], which increases the osmotic water
permeability of the collecting duct epithelium and allows water to be reabsorbed back into
the body. This entire process occurs quite rapidly, within a few minutes of AVP binding to
its receptor. AVP also regulates AQP2 via a long-term process, namely regulation of AQP2
gene transcription (reviewed in [9]), which may be partly PKA dependent. A number of
recent review articles offer a more detailed description of AVP action in the collecting duct
[10,11].

Although the exact signaling mechanisms governing AQP2 trafficking are incompletely
understood, it is clear that phosphorylation plays a prominent role. Within the past few
years, investigators have turned to tandem mass spectrometry (MS/MS)-based
phosphoproteomics in order to elucidate these unknown phosphorylation events.

The emerging field of phosphoproteomics
Phosphoproteomics comprises any large-scale identification or characterization of the
protein phosphorylation state of a given proteome (reviewed in [12,13]). Although the field
is less than 10 years old, a number of recent technological advances have led to a rapid
improvement in both the quality and quantity of phosphoproteomic data.

Phosphopeptide enrichment strategies such as immobilized metal affinity chromatography
(IMAC) and metal oxide affinity chromatography (MOAC) have allowed investigators to
overcome the low stoichiometry and ion-suppression effects routinely associated with
analysis of phosphopeptides by mass spectrometry (MS). There have also been rapid
advances in MS instrumentation, including the development of newer, more powerful hybrid
instruments capable of extremely high mass accuracy and greater sensitivity, as well as the
development of newer fragmentation methods (e.g., electron transfer dissociation [14]).
Finally, a dramatic expansion in software programs tailored to searching, filtering and
manipulating phosphoproteomic data has resulted in higher-quality datasets with very low
numbers of predicted false positives (often <1% as determined by false discovery rate
estimation). Many of these programs are written as ad hoc software that is often shared with
other laboratories.

A number of recent phosphoproteomic studies [15–21] have capitalized on these
advancements, many reporting identification and quantitation of hundreds or thousands of
phosphorylation events from a single sample. A recent paper by Swaney et al. reported a
staggering 10,844 phosphorylation sites from human embryonic stem cells [22].

A typical large-scale phosphoproteomic workflow as used in our laboratory is presented in
Figure 1. Proteins from either cell culture or isolated tissue are denatured in sample buffer
containing 8M urea or 6M guanidine with added inhibitors to prevent protein degradation
and phosphate loss. The sample is then digested with a site-specific protease (normally
trypsin) that cleaves the polypeptide chain after arginine and lysine residues. The peptide
sample is then subjected to strong cation-exchange chromatography, which separates the
sample into multiple fractions and enhances recovery of phosphopeptides. Phosphopeptides
are further enriched using IMAC or MOAC approaches. IMAC and TiO2-MOAC
preferentially enrich for multiply phosphorylated peptides while ZrO2 tends to enrich
monophosphorylated peptides. A recent review by Dunn et al. provides a detailed
explanation regarding the differences in binding affinities among the various IMAC and
MOAC resins [23]. The phosphopeptide sample is then subjected to liquid chromatography-
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MS/MS (LC-MS/MS) analysis. The MS2 and MS3 fragmentation spectra that are generated
are then compared with protein sequence databases using multiple programs to identify the
peptides. Software such as Sequest [24], OMSSA [25] and Mascot [26] are based on pattern
matching, while Inspect [27] includes a de novo sequence tagging component for more
efficient spectral identification. Those phosphopeptides that pass stringent false discovery
rate filtering are then analyzed by various ‘site-assignment’ programs [28–31] to identify the
most likely site(s) of phosphorylation (i.e., which particular S, T or Y residues are
modified). Various quantification strategies including label-free methods [19,32], stable
isotope labeling by amino acids in cell culture (SILAC) [33] and isobaric tags for relative
and absolute quantitation (iTRAQ) [34] can be utilized to quantify changes in
phosphopeptide abundances between samples. Please see Grimsrud et al. for a detailed
summary of these quantitative proteomic strategies [12].

Phosphoproteomic studies of renal collecting duct
Hoffert et al. were the first to utilize a quantitative phosphoproteomic approach to analyze
the response of the collecting duct to AVP [19]. Isolated inner medullary collecting ducts
from rats were incubated in the presence or absence of 1 nM (deamino-Cys1, D-Arg8)-
vasopressin (dDAVP; a V2-receptor-specific analog of vasopressin) for 10 min and then
processed for LC-MS/MS analysis utilizing a strategy similar to that shown in Figure 1. A
total of 714 phosphorylation sites on 223 proteins were identified (data available at [101]),
including four phosphorylation sites in the C-terminus of the water channel AQP2, one of
the main molecular targets of vasopressin. One site, Ser-256, had been previously identified
as being critical for AQP2 trafficking to the apical cell membrane [35], while the other three
sites (Ser-261, Ser-264 and Ser-269) were previously unidentified. Label-free LC-MS/MS
quantification of reconstructed MS1 precursor ion intensities demonstrated that two of these
sites are reciprocally regulated: phosphorylation at Ser-256 increases while phosphorylation
at Ser-261 decreases in the presence of AVP. Subsequent studies have examined the
phosphorylation kinetics and physiological roles of these newly identified phosphosites.
Immunoblotting with newly generated phospho-specific antibodies against each site
demonstrated that phosphorylation at Ser-264 and Ser-269 also increase with dDAVP and
that prior phosphorylation at Ser-256 is a requirement for phosphorylation at these
downstream residues [4]. Phosphorylation at Ser-269 is believed to play a role in retention at
the apical membrane [4] through a reduction in the rate of endocytosis and decreased
interaction with a number of proendocytotic proteins including heat-shock protein 70, heat-
shock cognate 70, dynamin and clathrin [36]. Ser-261 phosphorylation may be involved in
regulating polyubiquitylation and proteasomal degradation of AQP2 [37]. The kinase(s)
responsible for phosphorylating AQP2 at these sites remain unknown.

A subsequent large-scale phosphoproteomic study by Bansal et al. also analyzed the AVP
response in isolated rat inner medullary collecting ducts [38], but with a number of
important modifications designed to increase the sensitivity of the analysis: an upstream
strong cation-exchange chromatography step was added, which stratified the peptide sample
and increased the recovery of phosphopeptides after IMAC; samples were run on a higher
sensitivity mass spectrometer, the Orbitrap XL™ (Thermo Scientific); and spectra were
searched with multiple algorithms (Sequest, Inspect and OMSSA). As a result of these
advances, over 2700 unique phosphopeptides were identified (data available at [102]). The
authors also performed label-free MS quantitation, which identified 29 phosphopeptides that
changed significantly with AVP treatment (p < 0.05; n = 3 unfractionated biological
replicates). A major finding from this study was the identification of three phosphorylation
sites on urea transporters UT-A1 and UT-A3, all of which were shown by MS to increase in
abundance in response to AVP. AVP-mediated phosphorylation of UT-A1 is believed to
increase the permeability of the collecting duct to urea, possibly by affecting membrane
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trafficking [39]. Immunoblotting with phospho-specific antibodies to Ser-84 and Ser-486 of
rat UT-A1 confirmed responsiveness to AVP and involvement of PKA. Another
phosphoprotein that was increased with AVP was β-catenin (Ctnnb1), a protein with both
structural and signaling roles that has been proposed to play a role in regulation of AQP2
[40]. Other phosphorylation sites that increased with AVP that have potential roles in the
regulation of water and/or urea transporter activity included sites in protein kinase
PCTAIRE-3 (Pctk3) and plexin domain containing-2 (Plxdc2). Phosphorylation sites
decreased with AVP were present in septin-9 (Sept9), ArfGAP with FG repeats 1 (Agfg1)
and epsin-3 (Epn3).

A recent study by Rinschen et al. measured AVP-responsive phosphoproteins in a SILAC-
labeled mouse cortical collecting duct cell line (mpkCCD) [41]. Cells labeled with heavy or
light amino acids were exposed to either dDAVP (0.1 nM) or vehicle control for 30 min and
processed for LC-MS/MS analysis. Of the 2884 phosphopeptides that were quantified, 273
increased and 254 decreased with AVP. The threshold for change was based on the results
of preliminary experiments in which both heavy and light samples were vehicle treated (data
are available at [103]) Identification of upregulated phosphorylation sites on calmodulin-
dependent kinase II pointed to a potential role for the Ca+2-calmodulin pathway in the
response of the collecting duct to AVP. This finding was consistent with prior studies
demonstrating that vasopressin triggers both intracellular calcium mobilization [42] and
calmodulin-dependent phosphorylation of myosin regulatory light chain protein by myosin
light chain kinase [43], which are both critical for AQP2 trafficking. In order to assess which
kinase pathways may be regulated by vasopressin, the authors performed a global analysis
of phosphorylation motifs (i.e., the amino acid sequences surrounding the phosphorylation
site) for phosphopeptides regulated by AVP. This analysis was performed using the motif-x
algorithm [44], which generates sequence logos representing amino acid sequences that are
significantly over-represented in input datasets compared with background. For
phosphopeptides increased by AVP, there was an over-representation of so-called
‘basophilic’ phosphorylation motifs, which contained positively charged amino acids
arginine and lysine prior to the site of phosphorylation (i.e., R- [R/K]-X- [S/T]*, where X is
any amino acid and * indicates the site of phosphorylation). These basophilic motifs are
associated with phosphorylation by the AGC class of kinases, which includes members such
as PKA, PKC, PKG and some calmodulin-dependent kinases. For phosphopeptides
decreased by AVP, there was an over-representation of ‘proline-directed’ motifs, which
contain a single proline residue at position +1 (i.e., X-X- [S/T]*-P-X) and are associated
with phosphorylation by MAP kinases and cyclin-dependent kinases. Thus, these results
reveal that AVP signaling is associated with inactivation of one or more proline-directed
kinases. A similar profile was demonstrated in a recent analysis of the AVP response in the
medullary thick ascending limb of rat kidney [45].

Expert commentary
The field of phosphoproteomics has had a tremendous impact on the study of vasopressin
signaling in the mammalian collecting duct. The studies summarized in this article have
dramatically expanded the number of known vasopressin-regulated phosphoproteins. This
new knowledge has resulted in the expansion of established signaling mechanisms and
kinase pathways regulated by vasopressin. Figure 2 shows an abbreviated view of the
vasopressin signaling network. From both classical physiology as well as phosphoproteomic
approaches, it is clear that vasopressin regulates phosphorylation of AQP2 and urea
transporters at multiple sites, thereby increasing the permeability of the collecting duct to
water and urea, respectively. Newly identified phosphorylation sites in these proteins have
spurred tremendous research interest within the vasopressin/aquaporin communities. These
phosphorylation events are probably mediated predominantly through PKA. However,
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phosphoproteomic analysis has also confirmed that vasopressin activates the Ca+2-
calmodulin pathway and inhibits signaling through MAP kinases. Vasopressin is also known
to upregulate the AKT pathway [46]. Thus, it is clear that vasopressin can regulate multiple
signaling pathways in addition to PKA, although the downstream effectors of these signaling
events largely remain unknown. Further exploration of these additional pathways will be
required to fully understand their relevance to vasopressin signaling.

Five-year view
Where is the field of phosphoproteomics headed in the near future? A number of current
trends are likely to continue: a gradual shift in focus from readily tractable biological models
(cell culture, yeast and bacteria) to more physiologically and pathophysiologically motivated
studies in native tissue and whole-animal models; increased use of versatile peptide labeling
techniques such as iTRAQ; increased use of newer, more powerful hybrid mass
spectrometers; and consolidation of computational approaches in order to create integrated,
refined phosphoproteomics analysis software packages. The last objective is particularly
challenging because separations and MS technologies are changing very rapidly, making it
difficult to keep up with the state-of-the-art in terms of data formats and dataset
characteristics.

As the amount of phosphoproteomic data increases, researchers will continue to use this
valuable information to construct more accurate models of cell signaling networks. This type
of analysis usually includes detailed dynamic data acquired across multiple timepoints (as
provided by iTRAQ or SILAC labeling) that can be used for temporal and spatial clustering
of the various components of a signaling pathway [47,48]. Ideally, this phosphorylation data
would be mapped to the specific kinase(s)/phosphatase(s) involved, utilizing a combination
of motif analysis, kinase/phosphatase assays and other traditional biochemical approaches.
Network modeling represents a promising tool for understanding which proteins would
make the most effective drug targets and could lead to a deeper understanding of obscure
diseases that have not been well characterized at the molecular level.

One topic that deserves special attention in the years ahead would be the issue of ‘quality’
versus ‘quantity’ in phosphoproteomics. Although the total number of phosphopeptides
identified in some large-scale studies is impressive, too often comprehensive analysis seems
to be the overriding goal, rather than a deeper understanding of the physiological
mechanisms. Thus, researchers may need to shift their investigative focus to examining the
functional relevance of individual sites. This issue is all the more pressing given a recent
estimate that as many as 50% of phosphorylation sites detected in phosphoproteomic screens
are not conserved across species and are therefore less likely to play important functional
roles [49]. A recent study in kidney cell culture by Hallows et al. highlights the benefits of a
‘targeted’ phosphoproteomic approach [50]. By using a combination of immunoprecipitation
followed by MS/MS, the authors identified four novel phosphorylation sites on Nedd4–2, an
E3 ubiquitin ligase that regulates the degradation of the collecting duct epithelial sodium
channel ENaC. Through site-directed mutagenesis and classic electrophysiological
measurements, they further demonstrated that these sites are the target of the MAP kinase
JNK1 and that phosphorylation at these sites is important for inhibition of ENaC activity. In
the growing realm of large-scale ‘systems’ biology, it is critical that these classical
‘reductionist’ approaches to molecular and cellular physiology are not overlooked, as these
techniques offer an unparalleled way of sharpening our understanding of defined aspects of
a biological system. It is also important to realize that neither a systems approach nor a
reductionist approach alone is likely to provide an optimal path to understanding the
complex interaction of phosphorylation events governing a physiological process.
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Key issues

• Protein phosphorylation plays a critical role in the molecular pathways
governing vasopressin-mediated control of water and solute transport in the
kidney collecting duct.

• Phosphoproteomic methodologies have allowed unprecedented identification of
protein targets and signaling pathways that are regulated by vasopressin.

• Phosphoproteomic methodologies can be adapted to virtually any biological
system to address pertinent physiological questions.

• A fraction of the phosphorylation sites identified in large-scale studies may not
be biologically relevant and must be analyzed further by using traditional
biochemical, cell and molecular biological techniques.
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Figure 1. Typical workflow for a large-scale phosphoproteomics experiment
This workflow combines a number of different approaches that have been used to
successfully identify and quantify phosphopeptides from the kidney collecting duct.
HCl: Hydrochloride; IMAC: Immobilized metal affinity chromatography; iTRAQ: Isobaric
tags for relative and absolute quantitation; LC-MS/MS: Liquid chromatography-tandem
mass spectrometry; MOAC: Metal oxide affinity chromatography; MS: Mass spectrometry;
SILAC: Stable isotope labeling by amino acids in cell culture.
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Figure 2. The vasopressin signaling network in the kidney collecting duct
Pathways that are upregulated by arginine vasopressin are indicated by the white shapes
with an orange outline. Pathways that are downregulated by arginine vasopressin are
indicated by the filled dark blue shapes with a dashed outline.
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