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Endocytosis of Na1,K1-ATPase molecules in response to G protein-
coupled receptor stimulation requires activation of class IA phos-
phoinositide-3 kinase (PI3K-IA) in a protein kinase C-dependent
manner. In this paper, we report that PI3K-IA, through its p85a
subunit-SH3 domain, binds to a proline-rich region in the Na1,K1-
ATPase catalytic a subunit. This interaction is enhanced by protein
kinase C-dependent phosphorylation of a serine residue that flanks
the proline-rich motif in the Na1,K1-ATPase a subunit and results
in increased PI3K-IA activity, an effect necessary for adaptor protein
2 binding and clathrin recruitment. Thus, Ser-phosphorylation of
the Na1,K1-ATPase catalytic subunit serves as an anchor signal for
regulating the location of PI3K-IA and its activation during Na1,K1-
ATPase endocytosis in response to G protein-coupled receptor
signals.

The polarized distribution of Na1,K1-ATPase molecules in
transporting epithelia is critical for their ability to perform

vectorial transport (1–3). In renal epithelial cells, modulation of
Na1,K1-ATPase activity plays a key role in sodium reabsorption
and potassium secretion (4–6). Decreased Na1,K1-ATPase
activity induced by dopamine (DA) is partly responsible for
reduced sodium reabsorption during high-salt diet (7–9), and
impaired regulation of its activity in the renal tubule has been
linked to the development of high blood pressure (10–12).

Inhibition of Na1,K1-ATPase in response to G protein-
coupled receptor (GPCR) signals requires the sequential acti-
vation and integration of several intracellular signals (13, 14) that
lead to activation of protein kinase C (PKC) (15–18). Phosphor-
ylation of the Na1,K1-ATPase catalytic (a) subunit constitutes
a triggering signal for removal of both subunits (ayb) from the
plasma membrane with the consequent decrease in its activity
(19–21). Clathrin-dependent endocytosis of Na1,K1-ATPase
subunits requires a dynamic actin-microtubule cytoskeleton (19),
as well as activation of class IA subtype-phosphoinositide 39
kinase activity (PI3K-IA) (22).

Increased PI3K-IA activity results from its binding to phos-
phorylated tyrosine residues present in integral membrane pro-
teins through Src homology 2 (SH2) domains located within its
p85a regulatory subunit (23, 24). However, we demonstrated
that in renal epithelial cells, activation of PI3K-IA in response to
DA requires activation of PKC (22). Although the activity of
PI3K could also be regulated by SeryThr phosphorylation (25),
the effect of DA was not associated with phosphorylation of the
PI3K-IA (our unpublished observation). Because regulation of
Na1,K1-ATPase activity and endocytosis are triggered by phos-
phorylation of Ser18 in the a subunit (20, 21), we have hypoth-
esized that a phosphorylated a subunit may be a requisite for its
interaction with the PI3K p85a subunit and thereby increases
PI3K-IA activity at the site of Na1,K1-ATPase endocytosis.

Materials and Methods
Experiments were performed in OK cells (an opossum renal
epithelial cell line of proximal tubule origin). In this cell line, the

mechanisms responsible for regulation of Na1,K1-ATPase ac-
tivity, as well as DA signaling networks involved that have been
described so far, are similar to those of isolated proximal tubule
cells from rat kidneys (26, 27).

Site-Directed Mutagenesis and Cell Transfection. The Pro833Arg
(P83R) mutation was introduced in the Na1,K1-ATPase a
subunit. The plasmid pCMV-a (PharMingen) containing the
wild-type rodent a1 subunit cDNA was annealed with comple-
mentary oligonucleotides containing the mutant bases and then
was subjected to 15 cycles of amplification with Pfu polymerase,
followed by restriction of the original wild-type template with
DpnI. The resulting mutant plasmid was transformed into bac-
teria for amplification and analysis. Substitution of Pro83 by an
Arg residue was accomplished with the oligonucleotide P83RyA
(59-CGCCCTCACGCCCCGTCCAACTACTCCG-39) and its
complement, P83RyB. This substitution created a new site for
SacII that was used for screening. Structure of the resulting
mutants was evaluated by restriction with appropriate endo-
nucleases and confirmed by dideoxynucleotide sequencing of the
altered region. The Ser183Ala (S18A) mutation has been
described previously (21).

Cell transfection and clone selection was performed as de-
scribed (21, 28), and the levels of S18A and P83R expression
were similar to those of wild type.

Peptide Synthesis. The peptides were synthesized at the Macro-
molecular Structure Analysis Facility (University of Kentucky,
Lexington), except for the PI3K-p85a-SH3 high-affinity binding
peptide (Calbiochem). After the synthesis, salts were removed
and the peptides were sequenced. Transient cell permeabiliza-
tion to allow access of the peptide to the cells’ interior was
performed as described (18, 29, 30).

Determination of Phosphoinositide-3* Kinase Activity. After the
preincubation protocols with different agonists, cells were ho-
mogenized in 400 ml of lysis buffer (140 mM NaCly10 mM
Hepesy10 mM sodium pyrophosphatey10 mM NaFy1 mM
CaCl2y1 mM MgCl2y2 mM Na3VO4y10% glyceroly1% Nonidet
P-40y10 mg/ml aprotininy50 mM leupeptiny2 mM PMSF, pH
8.1) and solubilized by continuous stirring for 1 h at 4°C. After
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centrifugation, the supernatant was collected and 1 mg of protein
(in 500 ml) was incubated with an anti-PI3K p85a antibody. After
overnight incubation, protein A-Sepharose was added, and the
immune complex (p85a antibody coupled to protein A-
Sepharose) was washed four times with buffer (100 mM NaCly1
mM Na3VO4y20 mM Hepes, pH 7.5) and resuspended in 40 ml
of buffer (180 mM NaCly20 mM Hepes, pH 7.5). PI3K-IA
activity in the immunoprecipitates (equal amounts of precipi-
tated material as assessed by Western blotting were used in each
condition) was assessed directly on the protein A-Sepharose
beads as previously described (22, 31).

Determination of Na1,K1-ATPase Activity. Na1,K1-ATPase activity
was determined in OK cells either as the rate of ouabain-
sensitive [g-32P]ATP hydrolysis (19–21) or as the rate of
ouabain-sensitive [86Rb1]RbCl transport (28).

Preparation of Intracellular Organelles. After different protocols,
OK cells were gently homogenized to minimize damage of the
endosomes by using a motor pestle homogenizer (Kimble-
Kontes, Vineland, NJ), and the samples were subjected to a brief
(5-min) centrifugation (4°C at 3,000 3 g). Isolation of clathrin-
coated vesicle was performed as previously described (19, 32).
Endosomes were fractionated on a flotation gradient as de-
scribed (19–21) by using essentially the technique described by
Gorvel et al. (33).

Results
Effect of Na1,K1-ATPase a Subunit Phosphorylation on Stimulation of
PI3K-IA Activity by DA. We determined whether DA stimulates
PI3K-IA activity in OK cells stably transfected with the rat
Na1,K1-ATPase a1 subunit cDNA carrying a mutation in the
PKC phosphorylation site (34), Ser183Ala. In cells expressing
S18A mutants, DA did not increase phosphorylation or endo-
cytosis of the Na1,K1-ATPase a subunit, nor did it decrease its
activity (21). DA significantly increased PI3K-IA activity in OK
cells expressing the wild-type rat Na1,K1-ATPase a1 subunit
(OK-Wt), but not in OK cells expressing the S18A mutant (Fig.
1a). These results indicate the possibility that phosphorylation of
the Na1,K1-ATPase a1 subunit may induce a conformational
change that could favor the interaction with PI3K-IA. Indeed,
Western blotting analysis of the p85a-immunoprecipitates
(Fig.1b) revealed the presence of the Na1,K1-ATPase a1 sub-
unit; moreover, its abundance was increased in OK-Wt cells
treated with DA but not in cells expressing the S18A mutant.

Identification of the PI3K-IA Domain That Interacts with the Na1,K1-
ATPase a1 Subunit. We used a synthetic peptide RRPRPPLKR
that binds with high affinity (distribution coefficient Kd 5 7.6
mM) (35) to PI3K p85a-SH3 domain to investigate whether this
motif might be responsible for the interaction with the Na1,K1-
ATPase a subunit. Initially, we determined whether the pres-
ence of this peptide (SH3-p) prevented the p85a subunit binding
to the Na1,K1-ATPase a1 subunit (Fig. 2a). The Na1,K1-
ATPase a1 subunit was present in the p85a-immunoprecipitates
in OK cells treated with DA, but this effect was blocked in OK
cells previously exposed to the SH3-p; the basal association of
the p85a with the Na1,K1-ATPase a1 subunit was unaffected by
the peptide alone. The inhibitory effect of DA on Na1,K1-
ATPase activity was examined next (Fig. 2b). As predicted, DA
decreased Na1,K1-ATPase activity, and the presence of SH3-p
prevented this effect, whereas the peptide alone, or the presence
of a scrambled peptide (not shown), were without effect.

Identification of the Na1,K1-ATPase a1 Subunit Domain That Interacts
with PI3K-IA. Because SH3 domains recognize and bind proline-
rich motifs (36, 37), we have used several strategies to determine
whether a conserved polyproline sequence (TPPPTTP87)

present in the Na1,K1-ATPase a1 subunit N terminus (Fig. 3a)
represents a potential PI3K-IA interaction site required for its
activation and Na1,K1-ATPase endocytosis. We examined first
whether DA was capable of inhibiting Na1,K1-ATPase activity
in the presence of a peptide comprising the polyproline region
or a scrambled peptide (Fig. 3b). DA decreased Na1,K1-ATPase
activity to the same extent as was reported in Fig. 2, whereas the
inhibitory effect was blunted in OK-Wt cells previously exposed
to a peptide resembling the proline-rich domain (TPPPTTPE).
The scrambled peptide in the presence of DA or either peptide
alone did not affect Na1,K1-ATPase activity (Fig. 3b). In view
of the above results with peptide competition assays, we next
expressed in OK cells the rat Na1,K1-ATPase a1 subunit cDNA
carrying the mutation Pro833Arg (P83R) and measured the
effect of DA on PI3K activity. In OK-Wt cells, DA increased
PI3K-IA activity (277 6 85% of control; n 5 4; P , 0.05; Fig. 3c),
whereas in OK cells expressing the P83R mutation, it failed to
induce a significant change in kinase activity (90 6 13% of
control; n 5 4; not significant). In addition, failure of DA to
stimulate PI3K-IA activity in P83R cells also was associated with
an impaired interaction between the Na1,K1-ATPase a1 subunit
and PI3K (Fig. 3d), because the Na1,K1-ATPase subunit was
not increased in the immunoprecipitated material by using a
PI3K-IA p85a antibody in response to DA (shown as percent of
control; OK-Wt: 162 6 22% vs. P83R: 92 6 11%; both n 5 5).

Mutation of Pro83 was performed to minimize possible struc-
tural changes that could affect the stability of the Na1,K1-

Fig. 1. Effect of Na1,K1-ATPase a subunit phosphorylation on the ability of
DA to increase PI3K activity. (a) OK cells expressing the wild-type rat Na1,K1-
ATPase a1 subunit or this isoform carrying the S18A mutation were incubated
in the presence or absence of 1 mM DA for 2.5 min at 23°C. PI3K activity was
determined in immunoprecipitates (equal amounts of precipitated material
as assessed by Western blotting were used in each condition) with a polyclonal
antibody raised against the p85a subunit whose epitope corresponds to the
amino acids 333–430 within the N-terminal SH2 domain (Santa Cruz Biotech-
nology). (b) The presence of Na1,K1-ATPase a1 subunit in the immunoprecipi-
tates was determined by Western blotting with a monoclonal antibody
against the Na1,K1-ATPase a subunit. Experiments in a and b were repeated
three and five times, respectively. Basal expression was similar in OK-Wt and
S18A mutants as evidenced by Western blotting and Na1,K1-ATPase activity
[Rb1 transport (nmol of Rb per mg of protein per min): OK-Wt, 9.8 6 0.7 vs.
S18A, 9.7 6 1.0; hydrolytic activity in isolated membranes (mmol of Pi per mg
of protein per min): OK-Wt, 0.305 6 0.02 vs. S18A, 0.293 6 0.01].
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ATPase a1 subunit N terminus and consequently the PKC
substrate (Ser18). The ability of DA to increase phosphorylation
of the a1 subunit in P83R cells represents a strong indication of
N terminus integrity (data not shown). In addition, we previously
have determined that simultaneous phosphorylation of Ser11 and
Ser18 in the rat Na1,K1-ATPase a1 subunit by phorbol esters
resulted in increased Na1,K1-ATPase activity (R.E., A.M.B.,
T. A. Pressley, M. Rousselot, E. Féraille, and C.H.P., unpub-
lished observations), and this effect was not altered by the P83R
mutation. A similar increase in Na1,K1-ATPase activity [Rb1

transport (nmol of Rb per mg of protein per min)] was observed
in OK-Wt and P83R cells incubated in the presence of 0.1 mM
phorbol 12-myristate 13-acetate (PMA) for 5 min at 23°C
(OK-Wt, vehicle: 9.6 6 0.6% vs. PMA: 16.8 6 1.7%, P , 0.01;
P83R, vehicle: 9.9 6 0.9% vs. PMA: 14.5 6 1.1%, P , 0.02; n 5
5 in all groups).

Impact of Proline-Rich Motif Disruption on the Functional Properties
of Na1,K1-ATPase and Its Regulation by DA. Na1,K1-ATPase ac-
tivity was determined in OK-Wt cells, and P83R mutants were
preincubated with either vehicle or DA (Fig. 3e). Na1,K1-
ATPase activity was determined either as the rate of ouabain-
sensitive ATP hydrolysis or ouabain-sensitive rubidium trans-
port, and under both assay conditions, DA exerted a comparable
degree of inhibition (percentage inhibition; Na1,K1-ATPase
hydrolytic activity: 45 6 7% vs. rubidium transport: 42 6 2%;
n 5 11 in both groups). The permeabilization procedure used for
measuring Na1,K1-ATPase hydrolytic activity discriminates be-
tween endosomal and plasma membrane Na1,K1-ATPases (21).
The basal activity was similar in the two types of cells (Fig. 3e),
indicating that translation and membrane location of the mol-
ecules was not affected by the mutation. Although in OK-Wt,
DA significantly inhibited Na1,K1-ATPase activity, it failed to
induce a significant change in cells expressing the P83R mutation.

The inhibitory effect of DA on Na1,K1-ATPase is mediated
by a decreased number of enzyme units (ayb subunits) within the
plasma membrane and their transport into endosomes by clath-
rin-coated vesicles (19–21). Thus, we anticipated that failure of

DA to inhibit Na1,K1-ATPase activity in P83R would be the
consequence of impaired endocytosis of the a subunit. Indeed,
whereas DA increased the abundance of a subunits in clathrin
vesicles in OK-Wt cells (percentage of control, 228 6 47%; n 5
3), it failed to elicit this effect in OK cells expressing the P83R
mutant (percentage of control, 90 6 20; n 5 3; Fig. 4a Left).
Similarly, DA promoted a subunits’ endocytosis into early and
late endosomes in OK-Wt cells, but not in OK cells expressing
the P83R mutant (Fig. 4a Right). Na1,K1-ATPase molecules
originating from the synthetic pathway may explain the presence

Fig. 2. Role of p85a-SH3 domain in mediating the interaction of PI3K with
the Na1,K1-ATPase a subunits. (a) The presence of Na1,K1-ATPase a1 subunits
(see Fig. 1b) in the immunoprecipitates with the p85a antibody was examined
in OK cells incubated with 1 mM DA for 2.5 min at 23°C in the presence or
absence of 10 mM SH3-binding peptide (Calbiochem). Transient cell perme-
abilization was performed to allow access of the peptide to the cells’ interiors.
(b) Rubidium transport (nmol of Rb per mg of protein per min) was used as an
index of Na1,K1-ATPase transport activity. Experiments were performed with
identical protocols as described in a. Data represent the mean 6SEM of three
experiments performed in triplicate. p, P , 0.05 (Student’s t test).

Fig. 3. A proline-rich motif within the Na1,K1-ATPase a1 subunit is necessary
for binding and activation of PI3K. (a) Schematic representation of the rat
Na1,K1-ATPase a1 subunit N-terminal with the predicted amino acid (Gln95)
adjacent to the plasma membrane. A proline-rich motif (TPPPTTP87) is located
in the vicinity of the substrate (Ser18) for PKC. (b) Na1,K1-ATPase activity was
determined in OK-Wt cells incubated with 1 mM DA in the presence or absence
of a peptide (50 mM) comprising the proline motif (Pro-p) or of a scrambled
peptide (Pro-s). Each bar represents the mean 6SEM of three experiments
performed in triplicate. *, P , 0.02. (c) PI3K activity was determined as
described (see legend to Fig. 1) in vehicle (V)- or DA-treated cells. (d) The
presence of Na1,K1-ATPase a1 subunits in the immunoprecipitates was deter-
mined by Western blotting with a monoclonal antibody against the Na1,K1-
ATPase a1 subunit as in Fig. 1. The data are representative of four experiments.
(e) Na1,K1-ATPase activity was determined either as Rb1 transport (Left) or
ATP hydrolysis (Right). Cells expressing the wild type (open bars) or the P83R
mutant (filled bars) were incubated with vehicle (V; Hanks’ buffer) or 1 mM DA.
Each bar represents the mean 6SEM of five experiments performed in tripli-
cate. **, P , 0.01. n.s., Not significant.
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of a1 subunits in the intracellular organelles under basal condi-
tions in both OK-Wt and P83R mutants.

Increased PI3K-IA Promotes the Binding of Adaptor Protein 2 (AP-2) to
the Na1,K1-ATPase a Subunit. DA facilitates the binding of AP-2
to the Na1,K1-ATPase a subunit during its endocytosis in renal
epithelial cells (38). In an attempt to determine whether recruit-
ment of AP-2 during Na1,K1-ATPase endocytosis could be
promoted by PI3K-IA, we examined the binding of AP-2 to the
Na1,K1-ATPase a subunit in the presence or absence of PI3K
inhibitors (Fig. 4b). DA increased the abundance of Na1,K1-
ATPase a1 subunits in the immunoprecipitated material with an
antibody against AP-2, and this effect was blocked in the
presence of either wortmannin or LY294002. Moreover, the
increased colocalization of AP-2 and Na1,K1-ATPase a sub-

units in response to DA was absent in cells (P83R mutants)
lacking the ability to increase PI3K-IA activity (Fig. 4c), further
indicating that PI3K-IA activity is necessary for recruiting AP-2
to the site of Na1,K1-ATPase endocytosis.

Discussion
Inhibition of Na1,K1-ATPase activity by DA is accomplished by
phosphorylation of the catalytic a subunit and by activation of
PI3K-IA, both in a PKC-dependent manner, resulting in inter-
nalization of phosphorylated Na1,K1-ATPase molecules (20–
22). Because PKC-dependent activation of PI3K-IA was not
associated with phosphorylation of its regulatory or catalytic
subunits, we have hypothesized that, similar to tyrosine-
phosphorylated substrates, Ser-phosphorylation of the a subunit
may serve as an anchor signal for binding and recruitment of
PI3K-IA to the site of endocytosis.

To determine whether Ser18 phosphorylation of the Na1,K1-
ATPase a subunit plays a relevant role during activation of
PI3K-IA by DA, we have examined in cells expressing the
Na1,K1-ATPase carrying a mutation in the PKC phosphoryla-
tion site (S18A) whether DA activates PI3K activity to the same
extent as it does in cells expressing the wild-type rat a subunit.
In S18A mutants, DA not only failed to increase PI3K-IA activity
but also failed to promote the interaction between the PI3K-IA
and Na1,K1-ATPase, because the a subunit did not increase in
the immunoprecipitated material with a PI3K-IA p85a antibody.
Failure of DA to stimulate PI3K-IA activity in cells expressing
the Na1,K1-ATPase a1 subunit lacking the PKC substrate (Ser18

residue) suggests that increased PI3K-IA activity in response
to DA is controlled by the state of phosphorylation of the
Na1,K1-ATPase a subunit. The constitutive presence
of Na1,K1-ATPase a1 subunits in the p85a-immunoprecipitates
may represent the basal turnover in Na1,K1-ATPase traffic, and
correlates with the presence of Na1,K1-ATPase subunits (ayb)
within clathrin vesicles and endosomes under nonstimulating
conditions.

Activation of intracellular signaling networks by GPCRs re-
quires a high degree of specificity to ensure proper timing and
spatial organization, and to avoid random crosstalk. This effect
is partially accomplished by specific protein–protein interactions
through domains such as the Src-homology (SH2 and SH3),
pleckstrin-homology, phosphotyrosine binding, and PDZ
(postsynaptic density protein, PSD-95; Drosophila septate junc-
tion protein disc–large, dlg; epithelial tight junction protein
zinc-occludens, zo-l) domains, which are present in signaling
andyor target molecules (39). The PI3K-IA bears a SH3 domain
in its regulatory p85a subunit (40, 41). Although the SH3 domain
present in the p85a may represent a site for self-association of
the p85 protein (42), it also has been suggested to regulate (by
binding to proline-rich motifs present in other proteins) the
cellular localization of the PI3K-IA where it may become acti-
vated. In this study, by using site-directed mutagenesis to disrupt
the proline-rich domain and peptide competition assays (pep-
tides comprising the proline-rich motif and peptides that binds
with high affinity to the SH3 domain of PI3K-IA p85 a subunit),
we have established that the PI3K-IA interacts with the Na1,K1-
ATPase a1 subunit. Furthermore, this interaction, which occurs
constitutively, is enhanced by DA and involves the PI3K-IA p85
a subunit SH3 domain and a proline-rich motif within the N
terminus of the Na1,K1-ATPase a1 subunit.

Although a selective mutation within the proline-rich motif
did not affect the basal activity and expression of the Na1,K1-
ATPase, it did impair its regulation, because DA failed to inhibit
the Na1,K1-ATPase activity in cells expressing this mutant
(P83R). This mutation was chosen to minimize potential changes
within the N-terminal structure. Accordingly, DA still was able
to phosphorylate the a subunit, and phorbol esters-dependent
stimulation of Na1,K1-ATPase activity was not affected by the

Fig. 4. PI3K activity is required for recruitment and binding of AP-2 to the
Na1,K1-ATPase a1 subunit. (a) Na1,K1-ATPase a1 subunit abundance in clath-
rin vesicles, early endosomes (EE) and late endosomes (LE) from OK cells
expressing the wild type (OK-Wt) or P83R mutant. Cells were incubated at 23°C
with vehicle (V; Hanks’ buffer) or 1 mM DA for either 2.5 min (clathrin vesicles)
or 10 min (EE and LE). Experiments were performed at least three times. (b) OK
cells incubated with or without 1 mM DA (2.5 min at 23°C) were previously
incubated (20 min at 23°C) in the presence or absence of either 100 nM
wortmannin or 25 mM LY294002, two inhibitors of PI3K activity. The experi-
ment shown was reproduced with identical results on three separate occa-
sions. In both a and b, the material immunoprecipitated with an AP2aC
antibody (Upstate Biotechnology, Lake Placid, NY) was analyzed by Western
blotting using an antibody against the Na1,K1-ATPase a1 subunit. (c) OK
wild-type (OK Wt) cells and P83R mutants were incubated with or without 1
mM DA (2.5 min at 23°C). Experiments were repeated three times. (d) Orga-
nization of the GPCR signals promoting the internalization of Na1,K1-ATPase
a1 subunits (see Discussion for details).
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mutation. Thus, these results further argue in favor of the
hypothesis that mutation of Pro83 selectively blocks the inhibi-
tory effect of DA, and that failure of DA to achieve such an
effect is unlikely to be the consequence of a possible misfolding,
caused by proline disruption, of the Na1,K1-ATPase a1 subunit
within the plasma membrane.

Decreased Na1,K1-ATPase activity is a reflection of in-
creased internalization of Na1,K1-ATPase molecules into early
and late endosomes by clathrin-coated vesicles (19–22). There-
fore, we anticipated that failure of DA to decrease Na1,K1-
ATPase activity in cells expressing the P83R mutant would be
associated with defective endocytosis. Indeed, whereas in cells
expressing the wild-type a subunit DA promoted Na1,K1-
ATPase endocytosis, it failed to do so in cells expressing the
Na1,K1-ATPase a subunit bearing a disruption in the proline-
rich motif (P83R).

Selection of the cargo at the plasma membrane during clath-
rin-dependent endocytosis (43) requires binding of adaptors
(i.e., AP-2) to tyrosine motifs present within plasma membrane
proteins (44–46). Moreover, phosphorylation of the Na1,K1-
ATPase a1 subunit enhances the binding of AP-2 to the a1
subunit, and this effect was absent in cells expressing the
Na1,K1-ATPase lacking the PKC phosphorylation residue
Ser-18 (S18A). Although the ability of AP-2 to bind tyrosine-
based motifs (YXXØ) in vitro is enhanced by clathrin, such
binding is increased severalfold in the presence of phosphati-
dylinositol 39 phosphate (47). Our results indicate that activation
of PI3K-IA is required to promote the binding of AP-2 to the
Na1,K1-ATPase a1 subunit, because DA failed to elicit this
effect in the presence of two inhibitors of PI3K-IA (wortmannin
or LY294002) and in cells lacking the possibility to increase
PI3K-IA activity (P83R). Although the increased PI3K-IA activ-
ity may be critical for AP-2 recruitment, it might also be relevant
at other stages during endocytosis. Because Rho has been
reported to be of importance during constitutive traffic of

Na1,K1-ATPase molecules (48), it also may be that active
PI3K-IA could modulate Rho activity (49, 50) and thereby affect
the actinymicrotubule organization during vesicle endocytosis.

In conclusion, we have identified the existence of a proline-
rich motif within the Na1,K1-ATPase catalytic a subunit that is
essential for its endocytosis in response to a GPCR (DA) signal.
Although this study suggests that activation of PI3K-IA activity
during Na1,K1-ATPase endocytosis is controlled by the state of
Ser-phosphorylation of the Na1,K1-ATPase a subunit, it also
defines an alternative pathway by which class IA PI3K could be
activated in response to GPCR signals. Unlike the conventional
process of activation involving SH2-domain interaction with
phosphorylated tyrosine residues, increased PI3K-IA activity in
response to DA is controlled by the state of Ser-phosphorylation
of the protein (Na1,K1-ATPase a subunit) to be internalized
(Fig. 4d). Selective mutation analysis suggests that PI3K-IA
activation results from its interaction (through the p85a-SH3
domain) with a proline-rich domain present in the Na1,K1-
ATPase a subunit. This proline motif becomes accessible after
PKC-dependent phosphorylation of an upstream serine residue
(Ser18) within the a subunit N terminus. The results also
demonstrate the existence of a region within the Na1,K1-
ATPase N terminus that serves as its own scaffold, organizing
the receptor signals that ultimately regulate its traffic and activity
in epithelial cells.
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