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Activation of G protein–coupled receptor by dopamine and hyp-
oxia-generated reactive oxygen species promote Na�,K�-ATPase
endocytosis. This effect is clathrin dependent and involves the acti-
vation of protein kinase C (PKC)-� and phosphorylation of the
Na�,K�-ATPase �-subunit. Because the incorporation of cargo into
clathrin vesicles requires association with adaptor proteins, we stud-
ied whether phosphorylation of adaptor protein (AP)-2 plays a role
in its binding to the Na�,K�-ATPase �-subunit and thereby in its
endocytosis. Dopamine induces a time-dependent phosphorylation
of the AP-2 �2 subunit. Using specific inhibitors and dominant-
negative mutants, we establish that this effect was mediated by
activation of the adaptor associated kinase 1/PKC-� isoform. Expres-
sion of the AP-2 �2 bearing a mutation in its phosphorylation site
(T156A) prevented Na�,K�-ATPase endocytosis and changes in ac-
tivity induced by dopamine. Similarly, in lung alveolar epithelial
cells, hypoxia-induced endocytosis of Na�,K�-ATPase requires the
binding of AP-2 to the tyrosine-based motif (Tyr-537) located in
the Na�,K�-ATPase �-subunit, and this effect requires phosphoryla-
tion of the AP-2 �2 subunit. We conclude that phosphorylation
of AP-2 �2 subunit is essential for Na�,K�-ATPase endocytosis in
response to a variety of signals, such as dopamine or reactive oxygen
species.
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The Na�,K�-ATPase migrates to and from the plasma mem-
brane in response to receptor signals. The endocytic traffic of
Na�,K�-ATPase molecules could be triggered by the activation
of plasma membrane receptors in renal tubule epithelia (1, 2),
by mitochondrial reactive oxygen species (ROS) generated by
the lung alveolar epithelium in response to hypoxia (3), or by
cardiac glycosides in the renal epithelia through their direct
binding to the Na�,K�-ATPase molecule (4). Whereas in the
renal tubules Na�,K�-ATPase endocytosis in response to dopa-
mine or parathyroid hormone receptor signals represents an
important mechanism controlling sodium and phosphate excre-
tion (5), in the alveolar epithelia it may represent a defense
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mechanism to reduce energy (ATP) consumption in response
to hypoxia, albeit resulting in decreased alveolar fluid clearance,
which leads to pulmonary edema and impairment of gas
exchange.

The intracellular signaling mechanisms involved in Na�,K�-
ATPase endocytosis have been partially identified. Phosphoryla-
tion of the Na�,K�-ATPase �-subunit constitutes the triggering
mechanism that initiates its endocytosis in response to dopa-
mine-parathyroid hormone (2, 6, 7) and hypoxia (3). In these
tissues (renal proximal tubules and lung alveolar epithelia), the
protein kinase C (PKC)-� isoform is responsible for phosphory-
lating the Na�,K�-ATPase �-subunit. In kidney cells its activa-
tion is achieved via a GPCR signal, whereas in alveolar cells
during hypoxia it is mediated by mitochondria-generated ROS
(3).

Clathrin-dependent traffic is considered to be an important
pathway used by vesicles that move along specific compartments
within the cell (8). Relevant to this process is its initiation, in
which specific proteins located within a particular domain of the
cell are selectively incorporated into clathrin-coated vesicles and
transported in response to specific stimuli. This process is accom-
plished by adaptor proteins that recruit the cargo at the plasma
membrane and facilitate its integration into clathrin pits (8).
Several adaptor isoforms have been described, and they partici-
pate in cargo-recruitment processes originated at the plasma
membrane or within intracellular organelles.

Binding of the adaptor protein (AP)-2 �2 subunit to the
Na�,K�-ATPase �-subunit has been mapped to the consensus
motif of the latter (YLEL) located within the main cytoplasmic
loop (9). Little is known, however, about the mechanism that
recruits AP-2 �2 to the Na,K-ATPase. The purpose of this study
was to determine whether dopamine and/or ROS induced a
further covalent modification in the AP-2 �2 subunit and
whether this is necessary for AP-2 to bind and interact with the
Na�,K�-ATPase during its endocytosis.

MATERIALS AND METHODS

Reagents and Antibodies

The following antibodies were used: the Na�,K�-ATPase was immuno-
precipitated using an antibody against its �-subunit (�5) developed by
Dr. Fambrough and obtained from the Developmental Studies Hybrid-
oma Bank, University of Iowa, Department of Biological Sciences.
Western blots were performed with an antibody provided by M. J.
Caplan (Yale University, New Haven, CT). The antibody against the
�2 subunit of AP-2 was provided by J. Bonifacino (NIH). The AP-2
�C antibody was purchased from Upstate Biotechnology (Buffalo, NY).
The antibody against phosphothreonine residues was purchased from
Sigma (St. Louis, MO), and the antibody against the hemagglutinin
(HA) tag was from Covance (Princeton, NJ). Dopamine (DA) and stauro-
sporine were purchased from Sigma. Rp-cAMP was from Boehringer
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(Basel, Switzerland). T-butyl-H2O2 was purchased from Sigma.
Sulfo-NHS-Biotin was from Pierce (Rockford, IL). All other reagents
were of analytical grade.

Plasmids

Site-directed mutagenesis of the AP-2 �2 subunit was performed di-
rectly on pcDNA3.HA-�2 by using the QuikChange mutagenesis kit
(Stratagene, La Jolla, CA). The T165 mutant was generated by exchang-
ing nucleotides as follows: ACC versus GCC. The respective oligonucle-
otides were purchased from Poligo (Paris, France). All mutations were
verified by DNA sequence analysis. Transfection of the PKC-� wild-
type and dominant-negative mutant was performed as previously de-
scribed (10).

Cell Culture and Transfection

Opossum kidney (OK) cells were cultured in 100-mm tissue culture
dishes (� 80% confluent) containing 5 ml Dulbecco’s modified Eagle’s
medium/10% bovine serum. Transient transfection with the different
AP-2 �2 was performed using lipofection (11). The cDNA carried a
tag (HA), and an antibody against this tag was used to monitor expres-
sion levels during transient transfection.

To generate stable clones, A549 cells (ATCC CCL 185) were plated
in 6-cm plates at 2–3 � 105 cells/plate and transfected with 2 �g of
plasmid DNA (pcDNA3.HA-�2 or pcDNA3.HA-�2 T156 A) by using
lipofection (LipofectAmine 2000; Invitrogen, Carlsbad, CA) as indi-
cated by the manufacturer. Transfectants were selected in the presence
of 400 �g/ml geneticin (G418; Mediatech, Herndon, VA). Individual
colonies were isolated using cloning cylinders (PGC Scientifics,
Frederick, MO), and the resulting cell lines were propagated in com-
plete Dulbecco’s modified Eagle’s medium supplemented with G418.

Generation of the Hypoxic Condition

A549 cells and permanent cell lines of A549 cells expressing a GFP-
tagged rat �1 subunit (GFP-A549) (9) were incubated under normoxic
(16% O2, 5% CO2, 79% N2) and hypoxic (1.5% O2, 93.5% N2, and
5% CO2) conditions in a humidified workstation (in vivo O2; Ruskinn
Technologies, Kansas City, MO) for continuous monitoring of the
chamber oxygen tension.

Determination of Na�,K�-ATPase Activity

OK cells were incubated with DA 1 �M or vehicle (Hanks’ medium),
and Na�,K�-ATPase transport activity was determined as previously
described (12) in intact cells as the rate of rubidium transport (nmol
Rb/mg protein/min) in the presence or absence of 5 mM ouabain.

Cell Surface Biotinylation

After treatment with agonists or vehicle, the incubation was stopped
by placing the samples on ice. The medium changed to ice-cold biotiny-
lation buffer (10 mM Tris-HCl [pH 7.5], 2 mM CaCl2, 150 mM NaCl,
1.5 mg/ml Sulfo-NHS-Biotin), and the cells were incubated for 1 h at
4�C. The cells were scraped in immunoprecipitation (IP) buffer (20 mM
Tris, 2 mM EDTA, 2 mM EGTA, 30 mM sodium pyrophosphate [pH
7.3]) containing a protease inhibitor cocktail frozen in liquid nitrogen,
thawed rapidly, probe sonicated twice by immersion for 10 s in an ice-
water bath, and frozen and thawed again. The cell suspension was
centrifuged at 14,000 � g at 4�C for 5 min. After the supernatants were
transferred to clean tubes, 1% Triton X-100 and 0.2% SDS were added.
The Na�,K�-ATPase antibody (�5) was added and incubated for 1 h
at 4�C with end-over-end shaking. Protein A/G agarose, prewashed
three times with PBS and once with IP buffer containing 1% Triton
X-100, was added and incubated for 4 h. The pellet was washed four
times with IP buffer containing 1% Triton X-100 and 0.1% SDS and
once with 50 mM Tris-HCl (pH 7.4) and was resuspended in Laemmli
sample buffer (13). Electrophoresis, Western blot analysis with ex-
travidin (Sigma), and densitometric analysis were performed.

Phosphorylation of the AP-2 �2 Subunit

Nontransfected OK cells and cells transfected transiently with the wild-
type or the T156A AP-2 �2 subunit cDNA was studied 48 h after transfec-
tion. The culture medium was replaced by Hanks’ medium 30 min
before incubation with DA or vehicle. The incubation period was termi-

nated by placing the samples on ice and adding homogenization me-
dium. The AP-2 �2 subunit was immunoprecipitated as a complex with
an AP-2 �C antibody (500 �g protein/5 �g antibody) as described
previously (14). The presence of the �2 subunit in the immunoprecipi-
tated material was corroborated by Western blot with a polyclonal
antibody (1:100). Phosphorylation of the immunoprecipitated AP-2 �2
subunit was examined by Western blot using an antibody against a
phosphothreonine residue (1:500).

Coimmunoprecipitation

OK cells grown in Petri dishes (10 cm) were incubated in Hanks’
medium (pH 7.4) for 30 min at room temperature before incubation
in the presence or absence of 1 �M DA for 5 min at room temperature.
After the media were removed, the cells were homogenized in 500 �l
immunoprecipitation buffer (50 mM Tris-HCl [pH 7.6], 150 mM NaCl,
30 mM NaF, 2 mM EDTA, 2 mM EGTA, 1% Triton X-100, 10 �g/ml
aprotinin, 1 mM PMSF, 5 �g/ml pepstatin A, 5 �g/ml leupeptin, 5 �g/ml
antipain) by passing through a 27.5-G needle for 20 times and ground
in a motor pestle for 30 s. The homogenates were precleared by centri-
fugation at 800 � g for 10 min, and the supernatants were incubated
in 40 �l A/G agarose (Amersham Biosciences AB, Uppsala, Sweden)
with rotation for 1 h at 4�C. The A/G agarose beads were removed by
centrifugation at 2,000 � g for 1 min. Aliquots (600 �g of protein) were
incubated overnight at 4�C with 70 �l of a Na�,K�-ATPase antibody
(�5) and the simultaneous addition of excess protein A/G-agarose beads
(40 �l) for 2 h. We have efficiently immunoprecipitated the Na�,K�-
ATPase �-subunit with the �5 antibody despite this technique being
described as a more efficient tool under denaturing conditions (15).
The beads were washed with immunoprecipitation buffer four times
and analyzed by SDS-PAGE using the Laemmli buffer system (13).
Proteins were transferred to polyvinylidene difluoride membranes
(Hybond-P; Amersham Biosciences AB), and Western blots were per-
formed using antibodies against the Na�,K�-ATPase �-subunit and the
hemagglutinin (HA).

Miscellaneous

All incubations with 1 �M DA (diluted in Hanks’ vehicle) were per-
formed at room temperature. Protein content was determined according
to Bradford (16) using a commercial reagent (BioRad, Richmond, CA).
Western blots were developed with an ECL Plus kit (Amersham Phar-
macia Biotech, Uppsala, Sweden). Quantitation of the Western blots
was performed as described (1).

Statistical Analysis

Statistical analysis of the data was performed with the unpaired Stu-
dent’s t test. P values � 0.05 were considered significant.

RESULTS

Phosphorylation of AP-2 by Dopamine

Clathrin-dependent endocytosis of Na�,K�-ATPase molecules
requires its binding to AP-2 (8). It has been demonstrated in
cell-free systems and in intact cells that AP-2 undergoes phos-
phorylation in its �2 subunit (17, 18) and that this effect is
required for cargo recognition during transferrin receptor endo-
cytosis. In our studies AP-2 (�2 subunit) phosphorylation in OK
cells increased in a time-dependent manner in response to DA
(Figure 1A). Several protein kinase inhibitors were used to
search for the identity of the kinase responsible for AP-2 �2
phosphorylation. In the presence of a cAMP-dependent kinase
inhibitor (Rp-cAMP), DA efficiently phosphorylated the AP-2
�2 subunit; however, this effect was blocked by 1 �M bisindolyl-
maleimide (Figure 1B). Although the concentration of bisindo-
lylmaleimide is likely to be specific for PKC-� (19), we tested the
effect of another PKC inhibitor. Staurosporine, at concentrations
that would likely affect all PKC isoforms except the PKC-� (20),
also blocked the increase of AP-2 �2 subunit phosphorylation
induced by DA (Figure 1C). It has recently been reported that
in vitro phosphorylation of AP-2 could be under the control of



Chen, Krmar, Dada, et al.: Na�,K�-ATPase Endocytosis 129

Figure 1. Effect of DA on AP-2 �2 phosphorylation. (A ) OK cells incu-
bated with DA for different periods of time. The AP-2 �2 subunit phos-
phorylation was examined by Western blot using a phosphothreonine
antibody in the immunoprecipitated material with an AP-2 �C antibody.
The amount of immunoprecipitated �2 subunit was established in the
same blot using a �2 antibody (dilution 1:50). A representative Western
blot (inset) and the quantitative analysis are shown (n 	 3). Closed circles
represent the mean 
 SE. (B ) Phosphorylation of AP-2 �2 in response
to DA (1 �M for 2 min at 23�C) was evaluated as described previously
in the presence (30 min before DA) or absence of bisindolylmaleimide
(Bis) (1 �M) or Rp-cAMP (100 �M). Representative Western blots are
shown (n 	 2). (C ) PKC-dependent phosphorylation of AP-2 �2 in
response to DA (1 �M for 2 min at 23�C) was evaluated as described
previously in the presence (30 min before DA) or absence of stauro-
sporine (STO) (10 and 60 nM). Representative Western blot (upper
panel) and quantitative analysis of three experiments (lower panel). Bars
represent the mean 
 SE. (D ) The effect of DA (1 �M for 2 min at
23�C) on �2 phosphorylation in response to DA was examined in OK
cells transiently expressing the wild-type PKC-� isoform or a dominant-
negative (DN) mutant. A representative Western blot (left panel) and
quantitative analysis of three experiments (right panel) are shown. Bars
represent the mean 
 SE.

an adaptor kinase (AAK1) (21, 22), and in vitro experiments
have demonstrated that staurosporine at concentrations within
the nM range inhibits AAK1. The lack of AAK1-specific inhibi-
tors and specific dominant-negative modulators prevented a
more conclusive inclusion of AAK1 in this process. Further proof
that a simultaneous activation of PKC-� (the kinase isoform
activated by DA during inhibition of Na�,K�-ATPase activity)
(12) was involved in �2 phosphorylation was provided by the
ability of a PKC-� dominant-negative mutant (10) to block the
DA-dependent phosphorylation of �2 (Figure 1D).

Phosphorylation of AP-2 Is Essential for
Na�,K�-ATPase Endocytosis

The functional relevance of �2 phosphorylation for Na�,K�-
ATPase endocytosis in response to DA was examined in cells
transiently expressing the �2 subunit in which Thr-156 (the puta-
tive phosphorylation site [18]) has been replaced by Ala (T156A).
Expression of this mutant does not affect basal-stimulated trans-
ferrin receptor endocytosis, but it does affect temperature-
stimulated transferrin receptor endocytosis. Similarly, in our
studies it did not affect basal Na�,K�-ATPase activity (a reflec-
tion of copies at the plasma membrane). Control experiments
indicated that the �2 constructs carrying the HA tag were effi-
ciently expressed in OK cells (Figure 2A) and that it incorporates
into the AP-2 complex because the HA-�2 could be immunopre-
cipitated with an AP-2 antibody (data not shown). DA increased
the association of wild-type but not the T156A AP-2 �2 subunit
with the Na�,K�-ATPase �-subunit (Figure 2A).

DA promoted the endocytosis of Na�,K�-ATPase (i.e., it
reduced abundance at the plasma membrane) in nontransfected
OK cells and in cells transfected with the wild-type �2 cDNA,
but it failed to elicit such an effect in OK cells expressing the
�2 cDNA carrying a mutation within the phosphorylation site
(Figure 2B). Additionally, dopamine failed to trigger Na�,K�-
ATPase endocytosis in OK cells in which Thr-156 was replaced
by negatively charged residues (T156D and T156E) (data not
shown). If one considers that a negatively charged residue would
resemble in part a phosphorylated amino acid, these results
further suggest that a dynamic phosphorylation/dephosphoryla-
tion of adaptor protein �-subunits is needed for the efficient
recognition of cargo proteins, as proposed previously (23). The
functional role of AP-2 �2 phosphorylation was also evaluated
during the regulation of Na�,K�-ATPase activity (Figure 2C).
DA inhibits Na�,K�-ATPase activity in cells transiently trans-
fected with the AP-2 �2 wild type but not in cells transfected
with the T156A mutant.

AP-2 Phosphorylation and Binding to Na�,K�-ATPase
during Hypoxia

To examine whether the requirement of AP-2 �2 phosphoryla-
tion for Na�,K�-ATPase endocytosis has a wider biological sig-
nificance beyond the renal epithelia and GPCR signals, we stud-
ied this phenomenon in alveolar epithelial cells in response to
hypoxia. Decreased Na�,K�-ATPase activity in alveolar epithe-
lial cells in response to hypoxia is also a result of a reduced
number of Na�,K�-ATPase molecules at the plasma membrane
(3) via endocytosis mediated by clathrin. Thus, we evaluated
whether in this epithelium it requires the binding of AP-2 to the
Na�,K�-ATPase �-subunit. A549 cells (an established model of
lung alveolar epithelium) were transfected stably with the wild-
type Na�,K�-ATPase �-subunit carrying a GFP tag and an isoform
carrying a mutation in the AP-2 binding site (Y537A), as previously
established (9). When these cells were transferred from normal O2

tension to a controlled hypoxic condition of 1.5% O2 (3), there
was a reduction in the number of Na�,K�-ATPase molecules at
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Figure 2. Functional relevance of AP-2 �2 subunit phos-
phorylation on Na�,K�-ATPase endocytosis. (A ) The AP-2
�2 constructs bearing an HA tag (wild type [WT] or mutant
[T156A]) were coimmunoprecipitated with a Na�,K�-
ATPase �-subunit antibody (�5), and the HA-�2 subunit
was identified by Western blot with an HA antibody from
cells treated with or without DA (1 �M for 2.5 min at
room temperature). Representative blot (left panel) and
quantitation (right panel) of four experiments (mean 
 SE).
For quantitation, the amount of coimmunoprecipitated
HA-�2 was corrected for the amount of Na�,K�-ATPase �-
subunit immunoprecipitated, and the percent change was
established from those ratios. (B ) Na�,K�-ATPase �-subunit
abundance in the plasma membrane (cell surface biotinyla-
tion) in response to DA (5 min) was examined in OK cells
mock transfected (mock) or transiently expressing the �2
cDNA wild type (WT) or carrying a mutation in its phos-
phorylation site (T156A). A representative Western blot
(upper panel) and the quantitative analysis (lower panel)
are shown. Bars represent the mean 
 SD
(n 	 2). (C ) Na�,K�-ATPase activity in response to DA
(5 min) was examined in OK cells mock transfected (mock)
or transiently expressing the �2 cDNA WT or carrying a
mutation in its phosphorylation site (T156A). Na�,K�-
ATPase activity was measured as ouabain-sensitive rubid-
ium transport and expressed as percent change. Each bar
represents the mean 
 SD (n 	 3). *P � 0.05.

the plasma membrane (Figure 3), as previously described (3).
However, if cells were carrying a mutation in the AP-2 binding
site (within the �-subunit), the response to hypoxia was absent. It
was previously established that the effect of hypoxia on Na�,K�-
ATPase endocytosis was mediated by ROS (3). Similarly, al-
though H2O2 induced a reduction in Na�,K�-ATPase at the
plasma membrane from cells expressing the wild-type isoform,
it failed to elicit the same effect in cells transfected with the
�-subunit carrying a mutation in the AP-2 binding site (Figure 3).
We further examined whether phosphorylation of AP-2 �2 sub-
unit was relevant for reduction in Na�,K�-ATPase activity by
using cells expressing the AP-2 �2 bearing a mutation in the
phosphorylation site (T156A). Hypoxia as well as H2O2 reduced
Na�,K�-ATPase activity in AP-2 �2 wild-type–transfected cells,
whereas it failed to elicit such an effect in cells expressing the
AP-2 �2 bearing the T156A mutation (Figure 4).

Figure 3. Relevance of a tyrosine-
base motif interaction with AP-2
�2 during hypoxia/ROS-mediated
Na�,K�-ATPase �-subunit endo-
cytosis in alveolar epithelial cells.
A549 cells were stably expressing
the wild-type or the Na�,K�-
ATPase �-subunit bearing the
Y537A mutation tagged with
GFP as reporter. Cells maintained
on normal O2 tension (N) were
submitted to a hypoxic condition
(H) or incubation with 100 �M
(H2O2) for 40 min at 37�C.
Na�,K�-ATPase �-subunit abun-
dance in the plasma membrane

was examined by cell surface biotinylation and Western blot (upper
panel), and quantitation (mean 
 SE) (lower panel) of three experiments
was performed independently. *P � 0.05.

DISCUSSION

In this study, we provide evidence that phosphorylation of the
�2 isoform of AP-2 is necessary for GPCR-induced endocytosis
of Na�,K�-ATPase molecules. Our results demonstrate that
other intracellular signals, such as hypoxia-induced ROS, also
required �2 phosphorylation to promote Na�,K�-ATPase endo-
cytosis in lung alveolar epithelial cells.

Clathrin-dependent endocytosis of membrane proteins is ini-
tiated by adaptor proteins (adaptins) that simultaneously bind
to cargo proteins, recruit clathrin, and promote the formation
of clathrin-coated pits (8). AP-2 phosphorylation is a key event
that determines the binding affinity of the �2 subunit to cargo
proteins (18, 21). In the present study, DA increased the state
of AP-2 �2 subunit phosphorylation in a time-dependent manner
that coincided with maximal association of AP-2 with the

Figure 4. A549 cells stably expressing the AP-2 �2 wild type (�2-WT)
or T156A mutant (�2-T156A) were used. Na�,K�-ATPase �-subunit
abundance in the plasma membrane (cell surface biotinylation) in re-
sponse to normal O2 tension (N) or hypoxia (H) was examined. In
another set of experiments, A549 cells were incubated with 100 �M
H2O2 or vehicle (V) for 40 min at 37�C. Left panel: Representative Western
blot. Right panel: Quantitative analysis (bars represent mean 
 SE of
three experiments performed independently). **P � 0.01.
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Na�,K�-ATPase and preceded its appearance in clathrin vesicles
(1). The transition between phospho- and dephospoAP-2 �2
facilitates its association with the cargo molecules, as demon-
strated by several in vitro studies (23). In our studies, the pres-
ence of negatively charged residues (T156D and T156E) also
prevented AP-2 �2 binding to the �-subunit and Na�,K�-ATP-
ase endocytosis (not shown).

In intact cells, the AP-2 �2 subunit could be targeted by
myriad protein kinases. A new kinase (AAK1) responsible for
phosphorylating the AP-2 �2 subunit has been described (21,
22). A detailed in vitro study revealed that AAK1 (21) could
be inhibited by several chemical inhibitors at doses that overlap
their actions on other kinases. In this study, when we used several
inhibitors of PKC and dominant-negative mutants of the PKC-�
isoform, it was possible to block AP-2 �2 phosphorylation. Coin-
cidentally, this isoform of PKC is also responsible for phosphory-
lating the Na�,K�-ATPase �-subunit at the ser-18 residue (a
necessary step for Na�,K�-ATPase subunit endocytosis). Stauro-
sporine, at a concentration that would not affect the activation
of PKC-�, does inhibit the activation of AAK1 (21). Therefore,
it is possible that the PKC-� isoform would form a complex
within the endocytic network and thereby express a dual effect
(i.e., phosphorylating the Na�,K�-ATPase and facilitating AP2
phosphorylation), which together would be responsible for
Na�,K�-ATPase internalization. Proven specific inhibitors of
AAK1 in intact cells are not yet available.

The generation of ROS by lung alveolar epithelial cells during
hypoxia results in a series of events leading to Na�,K�-ATPase
internalization via a clathrin-coated–dependent mechanism (3).
Endocytosis is initiated by phosphorylation of the Na�,K�-AT-
Pase �-subunit via a PKC-�–dependent mechanism, a process
that leads to activation of phosphatidylinositol 3-kinase. The
lipids generated by this kinase at the plasma membrane interface
favor the association of AP-2 with the cargo. Similarly to renal

Figure 5. Model of Na�,K�-ATPase endocytosis in response to GPCR
signals and those generated by hypoxia. PKC-� and possibly AAK1 are
the cellular targets where the GPCR or hypoxia signals converge. In
the case of GPCR (dopamine), activation of PKC-� is mediated by the
arachidonic acid metabolite, 12-HETE (24), whereas during hypoxia
activation of PKC-� is mediated by ROS. Activation of PKC-� may have a
dual effect: (1 ) phosphorylation of the Na�,K�-ATPase �-subunit (serine-
18), which leads to the activation of phosphoinositide 3-kinase by its
binding to the �-subunit (25) and production of phosphatidylinositol
3-phosphate necessary for AP-2 binding to the cargo (26, 27), and (2 )
phosphorylation of AP-2 �2 to facilitate its binding to the Tyrosine-537
residue within the Na�,K�-ATPase �-subunit and thereby permitting the
recruitment of clathrin to the membrane interface where the endocytic
process occurs.

epithelial cells (9), association of AP-2 to the Na�,K�-ATPase
requires the binding of the �2 subunit (within the AP-2 complex)
to a tyrosine-based motif (Y537) located in the �-subunit. More-
over, internalization of Na�,K�-ATPase molecules in response
to hypoxia or exogenously administrated H2O2 was abolished in
cells expressing the AP-2 �2 lacking the phosphorylation site
(T156).

The effects of AP-2 �2 phosphorylation have been exten-
sively studied mostly in reconstituted systems and during basal
endocytosis in intact cells exposed to changes in temperature,
such as transferrin receptor trafficking (18, 22). In this report,
we provide the first evidence that endocytosis of an integral
membrane protein (the Na�,K�-ATPase) in response to a physi-
ological condition (activation of GPCR by dopamine in renal
epithelial cells) or a pathophysiologic condition (e.g., hypoxia
in lung alveolar epithelial cells) requires phosphorylation of
AP-2 �2 subunit (Figure 5). Additionally, the results from this
study suggest that during endocytosis the Na�,K�-ATPase may
represent its own scaffold system, organizing the signaling net-
work independently of whether it is a GPCR or a ROS signal
that triggers the process, thus making the activation of PKC-�
a possible converging point during endocytosis in kidney or lung
epithelial cells.
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