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The abundance of integral membrane proteins in the plasma
membrane is determined by a dynamic balance between exocy-
tosis and endocytosis, which can often be regulated by physio-
logical stimuli. Here, we describe a mechanism that accounts for
the ability of the peptide hormone vasopressin to regulate water
excretion via a phosphorylation-dependent modulation of the
PDZ domain-ligand interaction involving the water channel
protein aquaporin-2. We discovered that the PDZ domain-con-
taining protein Sipa1l1 (signal-induced proliferation-associated
1 like 1) binds to the cytoplasmic PDZ-ligand motif of aqua-
porin-2 and accelerates its endocytosis in the absence of vaso-
pressin. Vasopressin-induced aquaporin-2 phosphorylation
within the type I PDZ-ligand motif disrupted the interaction, in
association with reduced aquaporin-2 endocytosis and prolonged
plasma membrane aquaporin-2 retention. This phosphorylation-
dependent alteration in the PDZ domain-ligand interaction was
explained by 3D structural models, which showed a hormone-reg-
ulated mechanism that controls osmotic water transport and sys-
temic water balance in mammals.

Integral membrane proteins in the plasma membrane in-
cluding receptors and transporters are synthesized in the endo-
plasmic reticulum and are delivered to the plasma membrane to
fulfill their functions (1). Their abundance in the plasma mem-
brane is ultimately determined by a balance between exocy-
tosis of the intracellular vesicles that contain them and endocy-
tosis of the plasma membranes where they reside. The balance
is subject to regulatory influences that govern proper functions
of the integral membrane proteins in time and location. Dys-
regulation in these regulatory processes are associated with
many clinical manifestations including cardiac, metabolic, and
neurological disorders (2– 4).

Here we report a hormone-regulated mechanism that con-
trols plasma membrane protein abundance via a conserved pro-
tein-interacting module known as PDZ domain, where PDZ is
an acronym for three proteins, PSD-95 (postsynaptic density
protein 95), Dlg (disks large homolog 1), and ZO-1 (zona
occludens protein 1) (5). PDZ domains bind to protein COOH-
terminal ligand motifs, which are classified into three classes:
class I motif Ser/Thr-X-�, class II motif �-X-� and class III
motif Asp/Glu-X-� (where X is any amino acid residue and � is
any hydrophobic residue)(6). PDZ domains are found in many
proteins in yeast, worm, fly, mouse, and human (5). In human,
there are 234 PDZ domains present in 126 proteins. Thus, many
proteins have more than one PDZ domain and are capable of
simultaneous interactions with several proteins that contain
PDZ-ligand motifs. Proteins that contain PDZ domains are
involved in a variety of biological processes including scaffold-
ing, signaling, and protein trafficking (5).

Aquaporin-2 (AQP2)2 is a water channel protein in the kid-
ney collecting duct epithelial cells (7). Its activity in the apical
plasma membrane is regulated by the antidiuretic peptide hor-
mone vasopressin, thereby controlling the cells’ ability to reab-
sorb water via osmosis. The regulatory action of vasopressin is
associated with vasopressin-induced AQP2 phosphorylation
on two serine residues at the COOH terminus (8). Serine 256
(Ser-256) phosphorylation is required for apical AQP2 exocy-
tosis (9 –11). Ser-269 phosphorylation appears to inhibit AQP2
endocytosis but the mechanism is unknown. In response to
vasopressin, Ser-269 undergoes a 9-fold increase in its phos-
phorylation level, accounting for 26% of all AQP2 molecules in
collecting duct cells (12). Ser-269-phosphorylated AQP2 is
exclusively found in the apical plasma membrane (13), consis-
tent with an inhibitory role of Ser-269 phosphorylation in
AQP2 endocytosis (13, 14). In fact, Ser-269 phosphorylation
was found to inhibit AQP2 endocytosis by overriding lysine 270
(Lys-270) polyubiquitylation-mediated endocytosis (15, 16).
Further studies alluded to Ser-269 phosphorylation-dependent
alteration in protein-protein interactions that result in apical
AQP2 retention (17); however, the interacting proteins in-
volved were not identified.
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Ser-269 of the AQP2 COOH terminus (SKA) is contained
within the class I PDZ-ligand motif (6). Vasopressin-induced
AQP2 phosphorylation at Ser-269 adds a negative charge to the
class I motif and converts it to a class III-like motif. We hypoth-
esized that this hormone-induced charge change in the AQP2
PDZ motif may alter the interaction of AQP2 with a corre-
sponding PDZ domain-containing protein that is required for
AQP2 endocytosis. Using protein mass spectrometry, we iden-
tified an apically expressed PDZ domain-containing protein
Sipa1l1 (signal-induced proliferation-associated 1 like 1), which
interacts with and mediates AQP2 endocytosis in the absence
of vasopressin. We further showed that vasopressin-induced
phosphorylation of AQP2 at Ser-269 reduced the interaction of
AQP2 with and endocytosis by Sipa1l1, prolonging apical
AQP2 retention. Our results provide a mechanism that ex-
plains vasopressin-mediated regulation of osmotic water
transport in the kidney collecting duct cells.

Results

Ser-269 phosphorylation enhanced apical AQP2 retention in
the mpkCCD cells

Mouse kidney collecting duct cells (mpkCCD) were chosen
to study the molecular mechanism involved in vasopressin-me-
diated AQP2 trafficking because the cells contain all necessary
components for vasopressin-induced endogenous AQP2 ex-
pression, phosphorylation, and trafficking (18 –20). The cells
were seeded on Transwell membrane supports and grown to
polarization that segregates the plasma membrane into apical
and basolateral membranes (Fig. 1A), representing the urine
side and the serum side of the kidney collecting ducts. The cells
were then treated with the vasopressin V2 receptor-specific
agonist dDAVP added to the basolateral side to induce endog-
enous AQP2 protein expression. Before using the cells for
AQP2 trafficking studies, dDAVP was withdrawn so that most
AQP2 was in intracellular vesicles. After reapplication of
dDAVP, AQP2 was in the apical plasma membrane, co-localiz-

ing with biotin that was used to label and delineate the apical
plasma membrane (Fig. 1B, bottom left panel). Without dDAVP
reapplication, most AQP2 remained in an intracellular location
(Fig. 1B, top left panel). Without dDAVP reapplication, AQP2
was not phosphorylated at Ser-269 (Fig. 1B, top middle panel,
pS269). Reapplication of dDAVP drastically increased Ser-269
phosphorylation (Fig. 1B, bottom middle panel). Most Ser-269
phosphorylated AQP2 was in the apical plasma membrane
by immunofluorescence (Fig. 1B, bottom right panel) and
immuno-EM staining (Fig. 1C).

We next tested whether Ser-269 phosphorylation enhances
AQP2 apical retention by examining cellular localization of
ectopically expressed phosphorylation-mimicking (serine to
aspartate, S269D) and phosphorylation-ablated (serine to ala-
nine, S269A) mutant AQP2 in the mpkCCD cells (Fig. 2A) as
previously seen in Madin-Darby canine kidney cells (13, 17,
21). As seen in Fig. 2B, the S269A mutant AQP2 trafficked to
the apical plasma membrane (middle panels, pixel overlap
best seen in the XZ reconstruction) as the wild-type AQP2
did in response to dDAVP (left panels), suggesting that Ser-
269 phosphorylation is not required for apical AQP2 exocy-
tosis. In contrast, the S269D mutant AQP2 was already local-
ized in the apical plasma membrane in the absence of
dDAVP (Fig. 2B, top right panel), consistent with a role of
Ser-269 phosphorylation in apical AQP2 retention. Fig. 2C
shows our image analysis method, and Fig. 2D summarizes
the results.

Apical membrane proteomics identified candidate AQP2-
interacting PDZ domain-containing proteins

There are 126 and 78 annotated PDZ domain-containing
proteins in the human and mouse genome, respectively (5). To
narrow down potential candidates that could interact with
the AQP2 COOH-terminal motif, we analyzed the published
transcriptome and proteome databases of rat kidney collecting
ducts (22, 23) and cultured mpkCCD cells (18, 20) for proteins

Figure 1. Ser-269 phosphorylation enhanced apical AQP2 retention in the mpkCCD cells. A, the experimental protocol. B and C, confocal immunofluo-
rescence and immuno-EM micrographs of AQP2 in mpkCCD cells in response to the vasopressin V2 receptor-specific analog dDAVP. The apical plasma
membrane was labeled with biotin. The cell nuclei were stained with DAPI. pS269 indicates Ser-269 phosphorylated AQP2 (arrowheads in C).
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with annotated PDZ domains in the NCBI conserved domain
database. Fifty-two PDZ domain-containing proteins were
found in the two cell types. Because both cell types exhibit sim-
ilar vasopressin-mediated AQP2 regulation, the PDZ domain-
containing proteins common to both cell types made them
good AQP2-interacting candidates. We next reasoned that api-
cally expressed PDZ domain-containing proteins are better
candidates to mediate apical AQP2 trafficking and analyzed the
apical membrane proteomes of rat kidney collecting ducts (24)
and mpkCCD cells in this study (the mpkCCD Apical Mem-
brane Proteome Database). Altogether, 5 PDZ domain-con-
taining proteins were identified in the apical membrane pro-
teome of collecting duct cells. Of these, four are common to
both cell types, viz. Golgi-associated PDZ and coiled-coil motif-
containing protein (Gopc), MAGUK p55 subfamily member 5
(Mpp5), PDZ domain-containing RING finger 3 (Pdzrn3), and
Sipa1l1.

To predict potential binding motifs, we used the BLAST pro-
gram to align the PDZ domain sequences to those in a database
of PDZ domains whose binding motifs have been characterized
(25). Fig. 3A summarizes the PDZ domain structures and the
predicted binding motif logos. As seen, the PDZ domain of
Gopc is most similar to the PDZ domain of human �1 syntro-
phin, which binds a motif logo similar to the AQP2 motif logo
(Fig. 3B). The Sipa1l1 PDZ domain is most similar to the human
SHANK3 PDZ domain that binds a motif logo similar to the
AQP2 motif logo. The PDZ domain of Mpp5, the two PDZ
domains of Pdzrn3, and the PDZ domain of Sipa1, a PDZ
domain-containing protein previously shown to mediate AQP2
exocytosis (26), were predicted not to bind the AQP2 motif in
our analysis.

Sipa1l1 interacted with and mediated AQP2 endocytosis

Immunoblotting results showed that Gopc, Mpp5, and
Sipa1l1 were expressed in the mpkCCD cells (Fig. 4, A, C, and
E). Pdzrn3 was not detected due to the lack of an antibody
of sufficient quality. Gopc and Sipa1l1 proteins were readily
detectable in the total cell lysate, whereas Mpp5 protein was
detected in the 17,000 � g membrane fraction. Exposure to 1
nM dDAVP for 1 h did not affect the protein levels of Gopc,
Mpp5, and Sipa1l1 in the cells. On immunofluorescence con-
focal micrographs, Gopc and Mpp5 showed discrete intracellu-
lar localization from that of AQP2 (Fig. 4, B and D), whereas
Sipa1l1 showed partial co-localization with AQP2 (Fig. 4F),
suggesting potential interaction between Sipa1l1 and AQP2
in the mpkCCD cells. Indeed, co-immunoprecipitation using
the AQP2 antibody followed by immunoblotting for Sipa1l1
showed results consistent with an interaction between AQP2
and Sipa1l1. Sipa1l1 was detected in the AQP2 immunoprecipi-
tate of the mpkCCD cells expressing AQP2 and not in the
AQP2 immunoprecipitate of the cells not expressing AQP2
(Fig. 5A). To examine functions of Sipa1l1 in AQP2 localiza-
tion, Sipa1l1 was knocked down in the mpkCCD cells with two
small hairpin RNA sequences (Fig. 5B) followed by immunoflu-
orescence staining for AQP2 localization (Fig. 5C). As seen,
most AQP2 was intracellular in the control cells before dDAVP
stimulation (top left panel). Upon dDAVP stimulation, AQP2
trafficked to the apical membrane of the control cells (Fig. 5C,
bottom left panel). In contrast, AQP2 was already in the apical
plasma membrane in the Sipa1l1 knockdown cells without
dDAVP stimulation (Fig. 5C, top right panel). Without dDAVP
stimulation, AQP2 was intracellular in the control cells (Fig. 5C,
top left panel). Fig. 5D summarizes the imaging results. To ver-

Figure 2. Phosphorylation-mimicking mutation at Ser-269 enhanced apical AQP2 retention in the mpkCCD cells. A, the experimental protocol. B,
confocal immunofluorescence micrographs of the wild type (WT), S269A and S269D mutant AQP2 in mpkCCD cells stimulated with vehicle or dDAVP for 1 h.
The apical plasma membrane was labeled with biotin. C, the image analysis protocol. Three lines were drawn across each X-Y plane image to produce three X-Z
plane images. Relative apical AQP2 level was calculated as the AQP2 pixels that overlapped with the biotin pixels divided by the total AQP2 pixels. D, a scatter
plot summarizing the imaging results. Values are mean � S.D. Asterisk indicates significance p � 0.05, t test.
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ify the imaging results, apical surface biotinylation coupled with
streptavidin affinity purification and immunoblotting was used
to compare the amounts of apical AQP2 in the control and the
Sipa1l1 knockdown cells under the vehicle conditions (Fig. 5E).
As seen, less apical AQP2 was detected in the control than in
the Sipa1l1 knockdown cells under the vehicle conditions,
consistent with a role of Sipa1l1 in AQP2 endocytosis in the
absence of vasopressin.

Ser-269 phosphorylation reduced AQP2-Sipa1l1 interaction
and AQP2 endocytosis

If Sipa1l1 mediates AQP2 endocytosis in the absence of vaso-
pressin, one hypothesis for Ser-269 phosphorylation-mediated
apical AQP2 retention is that there is a reduced interaction of
AQP2 with Sipa1l1 when AQP2 is phosphorylated at Ser-269,
thereby reducing endocytosis. The above hypothesis would
predict a reduced binding preference of Sipa1l1 toward Ser-
269-phosphorylated versus non-phosphorylated AQP2 pep-
tides (Fig. 6A). Consistent with this, the Ser-269-phosphorylat-
ed AQP2 peptide was less capable of pulling down Sipa1l1 in the
mpkCCD cell lysate compared with Ser-269 non-phosphorylat-
ed AQP2 peptide (Fig. 6, B and C). A similar binding preference
was observed at the whole AQP2 protein level. AQP2 protein
was immunoprecipitated from S269D or S269A AQP2 protein
expressing mpkCCD cells before the amounts of Sipa1l1 bound
to them were measured with immunoblotting. As seen in Fig. 6,
D and E, the amount of Sipa1l1 bound to S269D AQP2 protein
was significantly less than that bound to S269A AQP2 protein,
consistent with a reduced Sipa1l1 binding with Ser-269-phos-
phorylated AQP2 protein. Because Sipa1l1 had a reduced bind-
ing preference for S269D AQP2, Sipa1l1 knockdown did not
have apparent effects on the apical localization of S269D AQP2
in the absence of dDAVP (Fig. 6F, right panel). In contrast,

Sipa1l1 knockdown resulted in apical localization of S269A
AQP2 in the absence of dDAVP (Fig. 6G, right panel). In the
absence of dDAVP, S269A AQP2 was intracellular in the con-
trol cells (Fig. 6G, left panel).

Models show reduced interaction between Ser-269-
phosphorylated AQP2 and Sipa1l1

To provide a molecular basis of the PDZ interaction between
Sipa1l1 and AQP2, we modeled the structure of the Sipa1l1
PDZ domain based on the crystal structure of the NHERF PDZ
domain for two reasons (27). 1) The NHERF PDZ domain binds
type I (Ser/Thr-X-�) ligands Ser-Leu-Leu of the �2 adrenergic
receptor and Ser-Phe-Leu of the platelet-derived growth factor
receptor, similar to Ser-Lys-Ala of the murine AQP2 ligand
motif. 2) Both NHERF and Sipa1l1 have PDZ domains with
similar sequences in the loop between the �1 and �2 strands,
which forms a binding pocket for the terminal carboxylate of
the motif (28). As seen in the model (Fig. 7A), the AQP2 motif
(PRGSKA) backbone lies in the groove (left panel) between the
�2 strand and the �2 helix of the PDZ domain (right panel),
forming hydrogen bonds with the backbone of the �2 strand
(29). In the model, the positive charged arginine 267 side chain
of AQP2 forms salt bridges with the negatively charged gluta-
mate side chain on the �2 helix (Fig. 7A, right panel). In addi-
tion, the positive Lys-270 side chain of the AQP2 motif points at
the negative aspartate and glutamate side chains on the �3
strand of the Sipa1l1 PDZ domain, further strengthening the
interaction. Note that Lys-270 points outward away from the
Sipa1l1 PDZ domain and allows it to be ubiquitylated (Fig. 7C)
(15, 16). Thus, Lys-270-ubiquitylated AQP2 could still bind the
Sipa1l1 PDZ domain. In addition, Lys-270 and Ser-269 point at
different angles. Therefore, Lys-270 ubiquitylation and Ser-269
phosphorylation are not mutually exclusive. The -OH group of

Figure 3. Predicted PDZ domain structures and their binding motif logos. A, the PDZ domain structures of Gopc, Mpp5, Pdzrn3, Sipa1, and Sipa1l1 were
predicted using SWISS-MODEL online software. The corresponding binding motifs were predicted by BLAST alignment of the PDZ domains with those in a PDZ
domain library whose binding motifs have been characterized (25). Pdzrn3 has two PDZ domains. B, AQP2 motif logo.
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the Ser-269 side chain of the AQP2 motif forms a hydrogen
bond with N3 of the imidazole ring of the conserved histidine
side chain of the �2 helix (Fig. 7A, right panel) (28). Phosphor-
ylation of the -OH group creates a steric hindrance against the
histidine side chain and adds a negative charge toward the
hydrophobic isoleucine side chain on the �2 helix (Fig. 7B).
Both are expected to destabilize the interaction between the
Ser-269-phosphorylated AQP2 motif and the Sipa1l1 PDZ
domain. Modeling using the human AQP2 motif PRGTKA
yielded similar results.

Discussion

In this study, we describe a mechanism that controls the
abundance of a membrane protein in the plasma membrane via
the cytoplasmic COOH-terminal motif of the membrane pro-
tein. Cytoplasmic motifs of plasma membrane proteins often
serve as signals for intracellular trafficking via interactions with
adaptor proteins at various locations including the trans-Golgi
network, plasma membrane, and recycling endosomes (30, 31).
In the present case, we found that the cytoplasmic COOH-
terminal motif of AQP2 serves as a signal for endocytosis medi-

ated by the PDZ domain-containing protein Sipa1l1 (Fig. 5C).
In addition to signaling for endocytosis, the AQP2 COOH-ter-
minal motif also regulates AQP2 abundance in the apical
plasma membrane via a phosphorylation-dependent reduction
in its interaction with and endocytosis by Sipa1l1 (Fig. 6). This
phosphorylation-dependent reduction in the AQP2-Sipa1l1
interaction is stimulated by the peptide hormone vasopressin,
which induces phosphorylation of Ser-269 in the AQP2 motif
and disrupts a critical hydrogen bond between the AQP2
COOH-terminal motif and the Sipa1l1 PDZ domain (Fig. 7). By
disrupting the AQP2 interaction with Sipa1l1, vasopressin
reduces AQP2 endocytosis thereby increasing AQP2 retention
in the apical plasma membrane and osmotic water reabsorption
by the cells. Phosphorylation at the serine or threonine residue
of the class I motif has been shown to disrupt PDZ interactions
of the inward rectifier K channel Kir 2.3 (32), �2-adrenergic
receptor (33), and stargazin (34) with their respective PDZ
domain proteins. The consequences of the disruption include
dissociation of the channel from the cytoskeleton (32) and
impaired surface expression of the receptors (33, 34). Thus, the
phosphorylation-mediated switch from the class I to class III-
like PDZ motif could serve as a general mechanism to regulate
surface expression of membrane proteins and their physiolog-
ical functions.

Vasopressin-induced AQP2 phosphorylation at Ser-269 was
first demonstrated by phosphoproteomics in 2006 (35). Several
studies have supported the view that this phosphorylation
event plays a key role in AQP2 trafficking in collecting duct cells
(12–14, 17). The current model favors reduced AQP2 endocy-
tosis upon Ser-269 phosphorylation that overrides polyubiqui-
tylation-mediated AQP2 endocytosis via an unknown mecha-
nism (13–16). Our data provide a new regulatory mechanism
that explains how vasopressin-induced Ser-269 phosphor-
ylation facilitates retention of AQP2 in the apical plasma
membrane.

How does Sipa1l1 mediate AQP2 endocytosis? We speculate
a potential mechanism based on the molecular structure and
prior knowledge on Sipa1l1 (36, 37). Sipa1l1 is also known as
SPAR (spine-associated Rap GTPase-activating protein) in rats
(37). It contains a PDZ domain, a RapGAP domain, a guanylate
kinase-binding domain, and two actin-interacting domains. In
rat neurons, SPAR, via its PDZ domain, binds the COOH ter-
minus of the ephrin-A receptor and activates the RapGAP
domain. The activated RapGAP promotes hydrolysis of Rap1
(Ras-related protein 1)-bound GTP to GDP thereby inactivat-
ing Rap1. This results in actin reorganization and leads to
growth cone collapse (36). In the context of AQP2 endocytosis,
we propose the following mechanism. Upon vasopressin
removal (Fig. 8A), Ser-269 is dephosphorylated. This permits
Sipa1l1 binding to the COOH-terminal motif of AQP2 at the
apical plasma membrane and results in RapGAP activation.
The activated RapGAP hydrolyzes Rap1-bound GTP to GDP
and inactivates Rap1, leading to reorganization of cortical actin
skeleton locally at the apical plasma membrane. The cortical
actin skeleton on one hand, via interactions with integral mem-
brane proteins, supports the shape of the plasma membrane
and regulates the functions of integral membrane proteins. The
cortical actin skeleton, on the other hand, creates barriers for

Figure 4. Expression of three PDZ domain-containing proteins in the
mpkCCD cells. A, C, and E, immunoblotting, and B, D, and F, confocal immu-
nofluorescence staining for Gopc, Mpp5, and Sipa1l1 in the mpkCCD cells in
response to vehicle (Veh) or 1 nM dDAVP (AVP) for 1 h.
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Figure 5. Sipa1l1 participated in AQP2 endocytosis. A, immunoprecipitation (IP) followed by immunoblotting (IB) for testing AQP2-Sipa1l1 interaction. The
mpkCCD cells were transfected with or without the wild-type AQP2 expression vector before the cell lysates were subjected to immunoprecipitation with
the AQP2 antibody followed by immunoblotting for AQP2 and Sipa1l1. B, representative immunoblotting for Sipa1l1 in non-targeted control (shCon,
TRCN0000072246: CAAATCACAGAATCGTCGTAT) and Sipa1l1 knockdown (shSipa1l1) mpkCCD cells. Two shSipa1l1 sequences (TRCN0000106106, GCCATTAT-
GAACAGACATAAT; and TRCN0000106109, CGCCACTAGCAAATATCTGAT) were used for the knockdown. The Sipa1l1 band intensity was measured with the
LiCor Odyssey scanner and normalized with Coomassie staining. Sipa1l1 knowndown efficiency is indicated. Three independent experiments were performed.
C, confocal immunofluorescence staining for AQP2 in control and Sipa1l1 knockdown mpkCCD cells in response to vehicle or 1 nM dDAVP for 1 h. D, a scatter
plot of the imaging results. The analysis method was described above in Fig. 2C. Values are mean � S.D. Asterisk indicates significance p � 0.05, t test. E,
immunoblotting for apical AQP2. The mpkCCD cells, control (Con) or Sipa1l1 knockdown (KD), under the vehicle control conditions were labeled with apical
surface biotinylation before the labeled protein was purified with streptavidin affinity chromatography for immunoblotting and biotin staining. Two experi-
ments (Exp 1 and 2) were done. gAQP2, glycosylated AQP2; ngAQP2, non-glycosylated AQP2.

Figure 6. Sipa1l1 preferentially interacted with Ser-269 non-phosphorylated AQP2. A, biotin-labeled synthetic AQP2 COOH-terminal peptides. B and C,
representative immunoblot (IB) and summary of Sipa1l1 interaction with Ser-256 phosphorylated versus Ser-256 and Ser-269 doubly phosphorylated AQP2
peptide. The mpkCCD cell lysate was incubated with the biotin-labeled AQP2 peptides. After binding and washes, the eluate was detected for Sipa1l1 with
immunoblotting. Numbers are signal intensities (means � S.D.). Asterisk indicates significance, p � 0.05, t test. D and E, representative immunoblot and
summary of Sipa1l1 interaction with S269A versus S269D AQP2 protein. The cell lysates from S269A or S269D AQP2 expressing mpkCCD cells were immuno-
precipitated (IP) with the AQP2 antibody before immunoblotting for Sipa1l1. F and G, immunofluorescence staining for S269D and S269A AQP2 in control and
Sipa1l1 knockdown mpkCCD cells in the absence of dDAVP.
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endocytosis and exocytosis at the plasma membrane. Reorga-
nizing the cortical actin skeleton locally surrounding apical
AQP2 after Rap1 inactivation will be expected to facilitate
AQP2 endocytosis upon vasopressin removal.

Numerous studies have demonstrated indispensable roles of
actin dynamics in AQP2 trafficking (19, 38 – 42). Non-muscle
myosin II is a versatile protein family of actin-based molecular
motors involved in many cellular processes including endocy-
tosis (43). Although the mechanisms involved have not been
resolved, non-muscle myosin II is thought to mediate actin
contractile activity required for phagocytic cup assembly,
squeezing, and closure of receptor-mediated phagocytosis (44,
45). Thus, it is plausible that Rap1 inactivation-mediated corti-

cal actin skeleton reorganization plus non-muscle myosin II-
mediated endocytosis could work in concert for AQP2 endocy-
tosis upon vasopressin removal. Non-muscle myosin II, myosin
regulatory light chain, and myosin light chain kinase have been
implicated in actin reorganization and AQP2 trafficking in col-
lecting duct cells (46, 47). Rap1a and Rap1b are both expressed
at very high levels in the rat inner medullary collecting duct (23)
and in mpkCCD cells (20, 48). Vasopressin stimulation results
in a reduction of Rap1b abundance in the 17,000 � g membrane
fraction with a reciprocal increase in the 200,000 � g cytosolic
fraction (49). Hypothetically upon removal of vasopressin,
Rap1b may be recruited from the 200,000 � g cytosolic fraction
to the 17,000 � g membrane fraction to regulate cortical actin

Figure 7. Structural models of the Sipa1l1 PDZ domain. A, Sipa1l1 PDZ domain interacting with non-phosphorylated AQP2 peptide. The Sipa1l1 PDZ
domain is consisted of �1, �2, �3, �1, �4, �5, �2, and �6 secondary structures shown as a space-filled surface (left panel) and a ribbon schematic model (right
panel). Positive, electroneutral, and negative surfaces are colored blue, white, and red, respectively. The murine AQP2 motif -PRGSKA is shown as sticks. Nitrogen,
oxygen, and phosphorus are colored blue, red, and orange, respectively. B, a blowup model of the Sipa1l1 PDZ domain colliding the Ser-269-phosphorylated
AQP2 peptide. Steric hindrance between the phosphorylated Ser (pSer) and the His side chain is indicated (right panel). C, a model of ubiquitylation at Lys-270
of the AQP2 COOH-terminal peptide bound by the Sipa1l1 PDZ domain.

Figure 8. A model of Sipa1l1-meidated AQP2 endocytosis in the kidney collecting duct cells. A, upon removal of vasopressin, Sipa1l1 binds Ser-269 (or
Thr-269) dephosphorylated AQP2 in the apical plasma membrane and reorganizes cortical actin locally around the apical AQP2, allowing Lys-270 polyubiq-
uitylation-mediated endocytosis to occur. B, in the presence of vasopressin, Ser-269 (or Thr-269) phosphorylation reduces Sipa1l1 interaction with AQP2. This
shifts cortical actin toward polymerization and slows AQP2 endocytosis. F-actin, filamentous actin; G-actin, globular actin; GAP, RapGTPase activating domain;
PDZ, PDZ domain; Rap1, Ras-related protein 1; Ub, ubiquitin.
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dynamics and AQP2 endocytosis. In addition, AQP2 Lys-270
polyubiquitylation-mediated endocytotic processes (16) could
be facilitated when the cortical actin depolymerizes upon vaso-
pressin removal.

In the presence of vasopressin (Fig. 8B), Ser-269 is phosphor-
ylated. Sipa1l1 does not bind the AQP2 COOH terminus. The
cortical actin dynamics shifts toward actin polymerization and
prevents AQP2 endocytosis, despite a high level of Lys-270
polyubiquitylation (15).

Another PDZ domain-containing protein known to mediate
apical AQP2 surface expression is SPA-1 (26). SPA-1 (RefSeq
accession, NP_001004089) and Sipa1l1 (RefSeq accession,
NP_766167) are homologous proteins of different genes. SPA-1
deficiency results in a reduction in apical AQP2 abundance
(26), presumably because SPA-1 is required for apical AQP2
exocytosis. SPA-1 was found to bind AQP2 and to form a force-
generating protein complex that includes actin, tropomyosin,
myosin heavy chain, myosin light chain, and proteins that reg-
ulate actin filaments (50). It was believed that SPA-1 binding to
intracellular AQP2 activates the RapGAP domain and pro-
motes local actin depolymerization, which facilitates apical
AQP2 exocytosis (51). In contrast to the role of SPA-1 to regu-
late AQP2 exocytosis, our study showed that Sipa1l1 regulates
AQP2 endocytosis.

Experimental procedures

Cell culture

The mpkCCD cells re-cloned for the highest AQP2 expres-
sion levels were maintained as described previously (20) and
used in all experiments. The HEK293T cells for lentivirus
production were maintained in DMEM containing 10% fetal
bovine serum.

Immunoblotting, confocal immunofluorescence, and
immunoelectron microscopy

Detailed procedures for immunoblotting were described
previously (19). Commercially available primary antibodies
were Gopc (8576S, Cell Signaling), Mpp5 (ab77697, Abcam),
and Sipa1l1 (SC31615 or SC20846, Santa Cruz Biotechnology).
The chicken antibody was characterized previously (52). Two
rabbit polyclonal antibodies against AQP2 and Ser-269-phos-
phorylated AQP2 peptides were custom-made by GeneTex,
Taiwan, and characterized (Fig. 9). The secondary antibodies
from Invitrogen were Alexa 488- or 568-conjugated. IRDye
700- or 800-conjugated antibodies were from LiCor. Immuno-
fluorescence staining and immunogold staining were done as
previously described (19). Confocal images were acquired with
the Leica TCS SP5 microscope and processed with the Leica
LAS-AF software or ImageJ software (53).

Apical surface biotinylation

To delineate the apical plasma membrane, glycan-reactive
biocytin hydrazide was used to label glycosylated proteins in the
apical plasma membrane as described previously (19). Biotin
labels were visualized with Alexa 568-conjugated streptavidin.
In some cases, the biocytin hydrazide-labeled apical membrane
proteins were subjected to streptavidin purification followed by
staining for biotin and AQP2.

Apical membrane proteomics

The apical membrane proteins were labeled with sulfo-NHS-
LC-biotin and purified with streptavidin affinity chromatogra-
phy before being subjected to LC-MS/MS-based analysis as
detailed previously (24).

Figure 9. AQP2 antibody characterization. A, dot blot tests for the specificity of the antibodies raised against the immunizing AQP2 peptide (CEPDTD-
WEEREVRRR) and the Ser-269-phosphorylated (pS269) AQP2 peptide (CELHSPQSLPRGpSKA). Serial diluted peptides were dotted on nitrocellulose membranes
and incubated with the antibodies before detection. B, immunoblotting tests for the antibodies. Protein samples were from the mpkCCD cells exposed to
dDAVP (1 nM) for 4 days. Gly-AQP2, glycosylated; non-gly-AQP2, non-glycosylated AQP2. C, immunofluorescence staining tests for the antibodies. The mpkCCD
cells went through the experimental protocol shown in Fig. 1A.

Sipa1l1 mediates AQP2 endocytosis

J. Biol. Chem. (2017) 292(19) 7984 –7993 7991



Small hairpin RNA-mediated gene knockdown

Plasmids containing small hairpin RNA (shRNA) sequences
were packaged into lentivirus particles for stable shRNA-mediated
gene knockdown in the mpkCCD cells prior to experiments.

Interaction assays

The mpkCCD cells transfected with or without the wild-type
AQP2 expression vector were grown to polarization on mem-
brane supports before the cells were lysed for immunoprecipi-
tation using the AQP2 antibody. Proteins co-precipitated were
subjected to immunoblotting for Sipa1l1.

NH2 terminally biotin-labeled AQP2 peptides (1000, Ser-256
phosphorylated; 1001, Ser-256 and Ser-269 doubly phosphory-
lated) were used to interact with the polarized mpkCCD cell
lysates before immunoblotting for Sipa1l1. In separate experi-
ments, S269A or S269D mutant AQP2 proteins were immuno-
precipitated from the mpkCCD cells expressing either mutant
before immunoblotting for Sipa1l1.

Molecular modeling

The three-dimensional structure of the mouse Sipa1l1 PDZ
domain was generated with the software MODELLER (54)
using the X-ray structure of the NHERF PDZ domain (PDB
code 1GQ5)(27) as a template. AQP2 peptide (PRGSKA) dock-
ing onto the Sipa1l1 PDZ domain was performed using the
Rosetta FlexPepDock server (55). The structure of the PDZ-
peptide complex was further subjected to a 50-ns molecular
dynamics simulation for accurate refinement with the use of
the GROMACS 4.5.3 and OPLS-AA (optimized potentials for
liquid simulations-all atom) force field (56, 57). The stereo-
chemical quality of the predicted model was validated by the
PROCHECK program (58).
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