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Pals-associated tight junction protein functionally
links dopamine and angiotensin II to the regulation
of sodium transport in renal epithelial cells

Z Chen1, I Leibiger2, AI Katz3 and AM Bertorello1

1Membrane Signaling Networks, Atherosclerosis Research Unit, Department of Medicine, Karolinska Institutet, Karolinska
University Hospital-Solna, Stockholm, Sweden, 2The Rolf Luft Research Center for Diabetes and Endocrinology, Department of
Molecular Medicine and Surgery, Karolinska Institutet, Karolinska University Hospital-Solna, Stockholm, Sweden and
3Department of Medicine, University of Chicago, Chicago, IL, USA

Background and purpose: Dopamine inhibits renal cell Na+,K+-ATPase activity and cell sodium transport by promoting the
internalization of active molecules from the plasma membrane, whereas angiotensin II (ATII) stimulates its activity by recruiting
new molecules to the plasma membrane. They achieve such effects by activating multiple and distinct signalling molecules in
a hierarchical manner. The purpose of this study was to investigate whether dopamine and ATII utilize scaffold organizer
proteins as components of their signalling networks, in order to avoid deleterious cross talk.
Experimental approach: Attention was focused on a multiple PDZ domain protein, Pals-associated tight junction protein
(PATJ). Ectopic expression of PATJ in renal epithelial cells in culture was used to study its interaction with components of the
dopamine signalling cascade. Similarly, expression of PATJ deletion mutants was employed to analyse its functional relevance
during dopamine-, ATII- and insulin-dependent regulation of Na+,K+-ATPase.
Key results: Dopamine receptors and components of its signalling cascade mediating inhibition of Na+,K+-ATPase interact with
PATJ. Inhibition of Na+,K+-ATPase by dopamine was prevented by expression of mutants of PATJ lacking PDZ domains 2, 4 or
5; whereas the stimulatory effect of ATII and insulin on Na+,K+-ATPase was blocked by expression of PATJ lacking PDZ domains
1, 4 or 5.
Conclusions and implications: A multiple PDZ domain protein may add functionality to G protein-coupled and tyrosine
kinase receptors signalling during regulation of Na+,K+-ATPase. Signalling molecules and effectors can be integrated into a
functional network by the scaffold organizer protein PATJ via its multiple PDZ domains.
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Introduction

Physiological as well as pharmacological modulation of the
renal actions of dopamine influences sodium homeostasis
(Aperia, 2000). Dopamine exerts its effects on sodium
excretion in part by inhibiting the Na+,K+-ATPase/Na+-H+-
exchanger activity and thereby reducing trans-epithelial

sodium transport across renal tubules (Pedemonte et al.,
2005). Dopamine decreases Na+,K+-ATPase activity by promot-
ing the internalization of active Na+,K+-ATPase molecules
(Chibalin et al., 1997). Clathrin-mediated endocytosis of
Na+,K+-ATPase molecules in response to dopamine is initiated
after protein kinase C (PKC)-z-dependent phosphorylation of
the Ser-18 residue within the a-subunit (Chibalin et al., 1999;
Efendiev et al., 1999). The subsequent association of the
14-3-3 protein (regulatory molecule capable of binding
phosphorylated Ser/Thr motifs) with the phosphorylated
site leads to the binding and activation of phosphatidy-
linositol 3-kinase (PI 3-kinase) (Yudowski et al., 2000;
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Efendiev et al., 2005). PI 3-kinase favours the binding of
AP-2 to the Tyr-537 residue within the a-subunit and clath-
rin recruitment (Ogimoto et al., 2000; Done et al., 2002) to
the Na+,K+-ATPase complex at the plasma membrane inter-
face. On the contrary, angiotensin II (ATII) signals alter renal
Na+,K+-ATPase activity in the opposite direction by increas-
ing its activity (Garvin, 1991) through the incorporation of
new/active units into the plasma membrane (Efendiev et al.,
2003). Similarly to that of dopamine, this effect requires a
complex interplay of distinct signalling networks which
begins from the phosphorylation of Ser-11 and Ser-18
within the a-subunit by PKC-b (Efendiev et al., 2003) to the
assembly of AP1-mediated clathrin-coated vesicle formation
(Efendiev et al., 2008). Altogether, these observations high-
light the necessity of protein–protein interaction modules
that can organize the signalling networks triggered by
dopamine and ATII in time and space in order to provide
a hierarchical organization needed to avoid deleterious
cross-talk.

PDZ domains (postsynaptic protein PSD-95/SAP90, Droso-
phila septate junction protein Discs-large, tight junction
protein Zo-1) within proteins can provide such organized
structures. All PDZ domains have a conserved structure with a
hydrophobic binding pocket that interacts in a sequence-
specific manner with short peptide motifs located within or at
the C-terminus of the target protein (Sheng and Sala, 2001).
Their major function is to act as scaffolds for the assembly of
large protein complexes at specific subcellular locations
(Sheng and Sala, 2001) because they can act in combination
with other modular protein interaction domains to generate
more complex structures, or be easily linked together to form
multi-PDZ proteins.

INAD (inactivation no-after potential) is a multi-PDZ
domain protein that was originally discovered by its effects in
organizing the phototransduction cascade in Drosophila
(Tsunoda et al., 1997). The PDZ-mediated interactions with
the involved signalling molecules are mediated by classical
C-terminal as well as non-classical internal peptide interac-
tions (Harris et al., 2001). Human INAD-like protein (hINADl),
cloned as a homologue of INAD, has 10 PDZ domains among
which seven have been well characterized (Philipp and Flock-
erzi, 1997; Vaccaro et al., 2001; Shin et al., 2005). Later, it was
recognized to be more related to the Drosophila Discs lost and
it was found to associate with tight junctions in mammalian
cells (Lemmers et al., 2002). hINADl also contains one L27
domain in the N-terminus through which it can recruit the
Maguk protein Pals1 to the tight junction, and was therefore
renamed ‘Pals-associated tight junction protein’ (PATJ) (Roh
et al., 2002).

In this study we focused our attention on PATJ as a poten-
tial scaffold protein organizing the responses to receptor
signals because of its presence in renal (Shin et al., 2005) and
intestinal (Lemmers et al., 2002) ion-transporting epithelial
cells where it may be involved in the regulation of cell polar-
ity by association with components of the tight junctions.
In particular, we examined whether dopamine-, ATII- and
insulin-dependent modulation of active sodium transport
requires PATJ by measuring the changes in Na+,K+-ATPase
activity in opossum kidney (OK) cells transiently expressing
PATJ carrying selective deletions in its PDZ domains.

Methods

Preparation of the plasmids
The cDNA for human hINADl/PATJ (pcDNA2.hINAD) was
kindly provided by Dr V. Flockerzi (Homburg, Germany)
(Philipp and Flockerzi, 1997). To obtain an expression con-
struct for C-terminally green fluorescent protein (GFP)-tagged
hINADl/PATJ, we first changed nucleotides encoding Val1549
from GTT to GAT, thus creating a ClaI site, which allowed
in-frame fusion with the cDNA of enhanced GFP and genera-
tion of pcDNA2.hINADl/PATJ-GFP. Next we subcloned the
human CMV promoter in front of the hINADl/PATJ-GFP
fusion gene, thus generating pcDNA2.CMV.hINADl/PATJ-GFP.
Deletions of individual PDZ domains 1, 2, 4, 5 or 6, respec-
tively, were performed on pcDNA2.CMV.hINAD-GFP by intro-
ducing a set of unique restriction sites into the cDNA 5′ and 3′
of the sequences encoding the respective domain. The unique
set of restriction sites for each mutant was generated
by exchanging nucleotides as follows: EheI for PDZ 1
(D130-217a.a, GGCCGG versus GGCGCC, GTGGCC versus
GGCGCC), BbrPI for PDZ 2 (D248-323a.a, CATGTT versus
CACGTG, CTCGTT versus CACGTG), HpaI for PDZ 4 (D685-
766a.a, GTCAAG versus GTTAAC, GTACAC versus GTTAAC),
BlnI for PDZ 5 (D1068-1152a.a, CCGAGA versus CCTAGG,
CCTGTG versus CCTAGG), SalI for PDZ 6 (D1234-1315a.a,
GGAGAA versus GTCGAC, GTCAAG versus GTCGAC). All
resulting mutant plasmids were then digested with the corre-
sponding enzyme to delete the respective PDZ domain and
ligated overnight using a T4 ligase (Roche, IN, USA) and
amplified by transformation in competent Escherichia coli.
Positive clones were selected by restriction enzyme analysis
and deletions were confirmed by DNA sequencing. All muta-
tions were performed by employing the QuikChangeXL site-
directed mutagenesis kit (Stratagene, La Jolla, CA, USA) and
respective oligonucleotides purchased from Proligo (Paris,
France). All vector constructions were verified by DNA
sequence analysis.

Cell culture and transfection
The OK epithelial cell line has been used as a physiological
model system to study renal proximal tubule response to
hormones (Efendiev et al., 2002; Khundmiri et al., 2004). OK
cells were maintained at 37°C (10% CO2) in Dulbecco’s modi-
fied Eagle’s medium (DMEM) with 10% bovine serum
(GIBCOL, Invitrogen, Carlsbad, CA, USA) and antibiotics.
Plasmids were introduced into cells using liposomes (Lipo-
fectAMINE 2000, Invitrogen). PATJ expression was monitored
by confocal microscopy of the GFP tag used as a reporter and
by Western blot using a GFP and PATJ antibody. The lower
temperature (25°C for at least 72 h) of the culture conditions
optimizes PATJ expression level and increases cell viability.

Determination of Na+,K+-ATPase activity
Na+,K+-ATPase activity was determined from the ouabain-
inhibitable transport of 86Rb (Efendiev et al., 2000). Briefly,
after 2-h incubation (at room temperature) with 10 mM EGTA
the cells were transferred to serum-free DMEM containing
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50 mM HEPES, pH 7.4 with or without 5 mM ouabain. There-
after, a trace amount (1 mCi per well) of 86Rb (Perkin-Elmer,
Waltham, MA, USA) was added to the cell medium. After
20-min incubation at room temperature, the cells were
washed with ice-cold saline and dissolved with 3% SDS, and
the accumulated radioactivity was determined. Na+,K+-
ATPase-mediated Rb+ transport was calculated from the differ-
ence in tracer uptake between samples incubated with and
without 5 mM ouabain. Na+,K+-ATPase activity was expressed
as nmol of Rb+ mg protein-1 min-1 from triplicate determina-
tions. To assess the effect of dopamine, cells were pre-
incubated at room temperature with 5 mM monensin for
30 min (Efendiev et al., 2000), and then with 1 mM dopamine
(5 min), or only (without monensin) with ATII (1 pM) for
10 min before the assays. OK cells were incubated with
insulin (50 nM) for 10 min at room temperature.

Confocal microscopy
Expression of GFP-tagged PATJ was evaluated by confocal
microscopy exactly as described before (Efendiev et al., 2004).
PATJ was detected by the intrinsic fluorescence of GFP using a
confocal laser-scanning microscope (Leica TCS SP2, Leica
Lasertechnik GmbH, Heidelberg, Germany). The confocal
microscope was equipped with an Ar/Kr laser and a double
dichroic mirror and a 63¥ lens (Leica HCX PL APO 63x/1.20-
0.17, UV, Heidelberg, Germany).

Immunoprecipitation
Opossum kidney cells were washed with PBS and homog-
enized in 50 mM mannitol, 5 mM HEPES-Tris buffer (pH 7.6)
by freezing/thawing followed by vortexing, and by passing
through a 27.5-G needle and motor pestle. The cell lysates
were centrifuged to remove the nuclear fraction. The super-
natants were further centrifuged at 25 000¥ g for 20 min
to isolate the crude membrane fraction. Cell lysates or
membranes were solubilized in immunoprecipitation buffer
(20 mM Tris-HCl, pH 7.4, 150 mM NaCl, 20 mM NaF, 1 mM
EDTA, 1 mM EGTA, 1% Triton X-100, 10 mg mL-1 aprotinin,
1 mM PMSF, 5 mg mL-1 pepstatin A, 5 mg mL-1 leupeptin,
5 mg mL-1 antipain). Aliquots of the supernatant (~400 mg)
and/or membranes (~80 mg) were pre-cleared and transferred
to pre-coated (with desired antibody) ExactaCruz beads and
incubated overnight. The beads were washed with 150 mM
NaCl, and samples analysed by SDS-PAGE using the Laemmli
buffer system (Laemmli, 1970), and Western blot was per-
formed using specific antibodies. Proteins were detected by
chemiluminescence (GE Healthcare, Uppsala) and quantifica-
tion performed as described previously (Chibalin et al., 1997).

Statistical analysis
Analysis of the data was performed with the unpaired
Student’s t-test. P values less than 0.05 were considered
significant.

Materials
Antibodies used were as follows – against PATJ, used for
Western blots, was a gift of Dr A. Le Bivic (Marseille, France)

(Lemmers et al., 2002), against GFP (JL-8) was from Clontech,
CA, against the Na+,K+-ATPase a-subunit (6H, 1:500) (Pietrini
et al., 1992) that was utilized in Western blots was a gift of Dr
M.J. Caplan (Yale University, New Haven, CT, USA) and for
immunoprecipitation (5a) was obtained from the Develop-
mental Studies Hybridoma Bank (University of Iowa), against
the dopamine D1 receptor (AB1765P) was from Chemicon,
CA, against ATII AT1 receptor (sc-1173), against the insulin
receptor b subunit (sc-711), against phospholipase C (PLC)-g1
(sc-426), PKC-z (sc-216) and PI 3-kinase (sc-423) were from
Santa Cruz Biotech, CA. Monensin, dopamine, ATII and
insulin were purchased from Sigma. All reagents were of ana-
lytical grade. Receptor nomenclature follows Alexander et al.
(2008).

Results

A human PATJ antibody does not recognize the endogenous
PATJ in non-transfected OK cells (Figure 1A). We used ectopic
expression of PATJ to test the hypothesis that it may serve as
a scaffold protein organizing dopamine signals modulating
Na+,K+-ATPase activity in OK cells. PATJ-GFP expression levels
reached a plateau at 72 h post transfection (Figure 1A), there-
fore all further studies were performed at this time. Three
proteins were detected: a 230 kDa protein (259 kDa including
the GFP tag) represents the full-length PATJ whereas the
200 kDa (229 kDa including the GFP tag) and 135 kDa
protein (164 kDa including the GFP tag) are possibly due to
alternative translation initiation sites. For simplicity, they will
subsequently be named in text and figures after their original
Mr. Similar expression patterns have been demonstrated pre-
viously in HeLa and Caco-2 cells (Lemmers et al., 2002). The
majority of all isoforms were similarly distributed between the
cytosol and membrane compartments (Figure 1B). The fact
that PATJ is also seen in the cytosol may represent proteins
that have not yet reached the plasma membrane due to arti-
ficially increased synthesis and therefore does not necessarily
represent its natural location within the cell, or that our cells
in culture dishes are not fully polarized and thereby PATJ
resides in intracellular vesicle stores as previously described
(Roh et al., 2002).

The interaction of PATJ with potential network partners
of the dopamine signalling cascade was further analysed
in OK cells expressing PATJ-GFP. PATJ co-immunoprecipitated
with the Na+,K+-ATPase a-subunit (Figure 2A) under
basal (non-stimulating) conditions, whereas it only
co-immunoprecipitated with the dopamine D1 receptor 1
(49 kDa) upon treatment with dopamine (Figure 2B). Addi-
tionally, PATJ constitutively associated with the p85a subunit
(85 kDa) of PI 3-kinase (Figure 2C), the PKC-z (80 kDa)
(Figure 2D) and the PLC-g1 (155 kDa) isoforms (Figure 2E).

To study the functional relevance of PATJ during dopamine-
induced changes in Na+,K+-ATPase activity, we generated PATJ
mutants in which individual PDZ domains were deleted.
Binding specificity of PDZ domains has been well studied
(Table 1), PDZ domain 1, 2, 3 and 4 recognize class II ligands,
PDZ domain 5, 6 and 7 recognize class I ligands, while PDZ
domain 3 also recognize novel class IV ligands (Vaccaro et al.,
2001). We have chosen domain 1, 2, 4, 5 and 6 as examples
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for each class (Figure 3A). Confocal microscopy (Figure 3B)
and Western blot (Figure 3C) using antibodies against GFP
and PATJ (epitope conserved in all deletion mutants,
Figure 3A) confirmed the successful expression of all three
PATJ proteins. Western blot analysis revealed that wild type
PATJ-GFP was expressed as three distinct proteins of 230, 200
and 135 kDa. The 230 kDa protein was present in all con-
structs where obvious mobility shifts were observed between
the PATJ wild type (WT) and the deletion mutants, due to the
removal of individual PDZ domains. The 200 kDa protein was
expressed in all constructs except Del. 2. This could be due to
an alternative translation start site within PDZ2 (possibly be
Met304) that was removed in Del. 2, the similar expression
pattern of 200 kDa in WT and Del. 1 also confirmed this

assumption. The 135 kDa protein was also present in all con-
structs and the shift in Del. 4 is probably due to the alterna-
tive translation initiation site which might be Met853 before
PDZ 4.

The presence of various PATJ mutants did not affect
the total expression of Na+,K+-ATPase levels in OK cells
(Figure 4A). Additionally, Na+,K+-ATPase activity (reflecting
plasma membrane abundance) was not significantly affected
by the presence of PATJ mutants although there was a trend
indicating a slight reduction in cells expressing Del. 2
(Figure 4B). Increases in intracellular sodium concentration
induced by monensin resulted in similar increases in Na+,K+-
ATPase activity among all groups, although a higher trend
was observed in cells expressing Del. 5 (Figure 4C).

WB: PATJ ab

WB: GFP ab WB: PATJ ab

230
200

135

230
200

135

C M H

230

200

135

C M H

NT 24 48 72 96

Time (hours)

A

B

Figure 1 Expression and localization of Pals-associated tight junction protein (PATJ) in opossum kidney (OK) cells. (A) Time-dependent
expression of PATJ tagged with green fluorescent protein (GFP) in OK cells (representative Western blot using the PATJ antibody). NT,
non-transfected cells. (B) PATJ expression in homogenate (H), membrane (M) and cytosolic (C) fractions (120 mg protein each) from OK cells
transfected with PATJ-GFP. Representative Western blot using antibodies against GFP (left panel) and PATJ (right panel).
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Figure 2 Interaction of Pals-associated tight junction protein (PATJ) with different components of the dopamine/Na+,K+-ATPase signalling
network in cells transiently expressing PATJ-GFP (PATJ) and in non-transfected cells (NT). (A) Association of PATJ with the Na+,K+-ATPase
a-subunit (Mr = 95 kDa) immunoprecipitated from plasma membranes derived from opossum kidney (OK) cells. (B) Association of PATJ
immunoprecipitated with a GFP antibody from plasma membranes from OK cells treated with (DA) or without (V) dopamine (1 mM at 23°C
during 5 min; dopamine D1 receptor, DA1-r). (C) Association of PATJ immunoprecipitated with a GFP antibody from OK cells lysates with the
PI 3-kinase p85a subunit. (D) Association of immunoprecipitated PKC-z from OK cells membranes with PATJ. (E) Association of immunopre-
cipitated PLCg from OK cells lysates with PATJ. All co-immunoprecipitation experiments were repeated on three separate occasions and a
representative Western blot is shown.
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We next studied whether PATJ mediated the changes in
Na+,K+-ATPase activity in response to dopamine signals. The
presence of various PATJ mutants did not affect the total
expression of dopamine D1 receptors in OK cells (Figure 5A,
upper panel). Dopamine decreases proportionally (~30% inhi-
bition) the Na+,K+-ATPase activity in cells transfected with the
PATJ WT, Del. 1 and 6 mutants (Figure 5A, lower panel),
whereas this effect was lost in cells expressing the Del. 2, Del.
4 and Del. 5 mutants. These results demonstrate that PATJ is
of functional relevance during dopamine-induced changes in
Na+,K+-ATPase activity. It is, however, difficult at this stage to
predict the specific role of individual PDZ domains in this
regulation, as their deletions may or may not affect the overall
structure of the protein. Noteworthy, the presence of wild
type PATJ does not affect the basal Na+,K+-ATPase activity,
nor that induced by dopamine or ATII, compared with
mock-transfected cells (not shown).

Dopamine decreases Na+,K+-ATPase activity, whereas ATII
increases its activity (Efendiev et al., 2003). Because of this, we
next examined whether PATJ was also involved in the stimu-
latory responses to ATII and whether the effect of ATII on
Na+,K+-ATPase activity was affected by PATJ mutants in a
similar fashion to dopamine. Expression of PATJ WT and
deletion mutants did not affect ATII receptor (43 kDa) expres-
sion (Figure 5B, upper panel). Transfected OK cells were incu-
bated with ATII 1 pM for 10 min at 23°C. This concentration
of ATII (and within this time frame) results in activation of
Na+,K+-ATPase activity and incorporation of new molecules in
the plasma membrane (Efendiev et al., 2003). In OK cells
expressing the wild type form of PATJ, ATII induced a signifi-
cant increase in Na+,K+-ATPase activity (Figure 5B, lower
panel). The magnitude of stimulation was similar to previ-
ously described in non-transfected cells (Efendiev et al., 2003).
However, the response to ATII in OK cells expressing the
different PATJ deletion mutants was varied with the mutant
form. The presence of PATJ carrying a deletion in its PDZ
domain 2 did not affect the stimulatory effect of ATII on
Na+,K+-ATPase activity, whereas expression of PATJ lacking
either PDZ1, PDZ4 or PDZ5 prevented the stimulatory effect
of ATII on Na+,K+-ATPase activity and the deletion of PDZ6
reduced the ATII stimulatory effect. These data suggest that
PATJ was also functionally relevant during ATII-dependent
stimulation of Na+,K+-ATPase-mediated sodium transport in
epithelial cells. In parallel, we tested the role of PATJ during a
non-GPCR-dependent stimulation of Na+,K+-ATPase activity.
Insulin through its receptor (a tyrosine kinase receptor)
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Table 1 Schematic representation of known PDZ ligand binding
preferences

Distal C-terminus motif -2 -1 0

Class I Ser/Thr X F
Class II F/Y X F
Class III Asp/Glu X F
Class IV X Y Asp/Glu

X: any amino acid
F: hydrophobic amino acid
Y: aromatic amino acid
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activates Na+,K+-ATPase activity in renal cells derived from
proximal tubules (Feraille et al., 1999). Expression of PATJ WT
or mutants did not affect expression of the insulin receptor in
OK cells (Figure 5C, upper panel). Interestingly, the Na+,K+-
ATPase activity in response to insulin was similar to that
induced by ATII in terms of magnitude (% change) as well as
PDZ domain dependency (Figure 5C, lower panel). However,
the effects of both ATII and insulin were different from
those obtained with dopamine, regarding the PDZ domains
involved.

Discussion and conclusions

This study demonstrates for the first time the ability of a
multi-PDZ domain-containing protein of mammalian origin
(PATJ) to interact with the dopamine, ATII and insulin recep-
tor signalling network, and to participate functionally during
their regulation of Na+,K+-ATPase activity. The predicted
importance of these findings is directly related to the contri-

bution of the Na+,K+-ATPase activity in ion-transporting epi-
thelial cells (sodium reabsorption) and possibly to membrane
potential (electrical activity and neurotransmitter release).
Transport of sodium across the kidney tubules is accom-
plished by the concerted activity of Na+,K+-ATPase molecules
present at the basolateral membrane and specific sodium
transporters present at the apical domain of the renal tubule
cells. Therefore, activation/inhibition by hormones of baso-
lateral Na+,K+-ATPase would have a significant impact in net
sodium excretion and contribute to total body sodium
homeostasis.

It is known that each PDZ domain binds to a single peptide
ligand and the PDZ peptide-binding groove prefers (although
not exclusively) the C-terminus because of the free carboxy-
late group at the end of the PDZ ligand. The carboxylate-
binding loop extends from a highly conserved arginine or
lysine residue to the Gly-Leu-Gly-Phe motif (Sheng and Sala,
2001). Binding of the carboxylate-binding loop to the
C-terminal residue (position 0) of PDZ ligand projects its side
chain into the hydrophobic pocket of the PDZ domain, and
the -2 residue of the ligand is an important determinant for
PDZ binding and forms the basis for classification of PDZ
specificity (Vaccaro and Dente, 2002). As shown in Figure 3,
Class I ligands prefer either serine or threonine, Class II
ligands prefer a hydrophobic or aromatic residue while Class
III ligands select for negatively charged amino acids. The Class
IV ligand is characterized by the presence of an acidic residue
at the 0 position. Internal motifs (of those mentioned before)
can also form binding sites for PDZ domains and are usually
found in the b-hairpin structure formed by two anti-parallel
b-strands (Brenman et al., 1996; Chevesich et al., 1997).
Analysis of the amino acid sequences (rat species) for each
binding protein revealed the presence of potential PDZ
ligands. PKC-z possesses a class III PDZ ligand (-E-2-S-1-V0) at
the C-terminus while the dopamine D1 receptor has a poten-
tial class III PDZ ligand (-E-13-K-12-I-11-) buried in the distal
C-terminal region with a sequence similar to the internal PDZ
ligand model proposed for GPCR (Paasche et al., 2005). Fur-
thermore, by analysing the structure of Na+,K+-ATPase
a-subunit it also revealed a potential class IV PDZ ligand
(-A-498-S-499-E-500-) at the tip of the b-turn within ATP-binding
domain. Unfortunately, due to the lack of structural data it
was not possible to predict the possible internal PDZ ligands
for PLC-g and the PI 3-kinase p85a subunit.

Dopamine inhibited Na+,K+-ATPase activity in the presence
of PATJ whereas removing individual PDZ domains 2, 4 or 5
within PATJ impaired such inhibitory effects on Na+,K+-
ATPase activity. This indicates that PATJ through its PDZ
domains may potentially organize the dopamine signalling
pathway in order to mediate an inhibition of Na+,K+-ATPase
activity. All known binding partners of PATJ including the
Na+,K+-ATPase a-subunit, the dopamine D1 receptor, PLC-g,
PKC-z and PI 3-kinase p85a subunit could participate in
forming the signalling complex through PDZ interactions.
Similarly, both ATII and insulin stimulated Na+,K+-ATPase
activity in the presence of PATJ but not in cells transfected
with PATJ lacking either PDZ domain 1, 4 or 5. ATII and
insulin stimulate Na+,K+-ATPase activity through distinct
initial molecular mechanisms. ATII through its receptor
(GPCR) activates PKC-b leading to phosphorylation of Ser-11
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Figure 4 Expression of Na+,K+-ATPase a-subunit and activity in cells
transiently transfected with different Pals-associated tight junction
protein (PATJ) cDNA mutants. (A) Abundance of Na+,K+-ATPase
(Na+,K+-ATPase a-subunit antibody) was examined in cell lysates
obtained from opossum kidney (OK) cells expressing different PATJ
deletion mutants by Western blot using antibodies against Na+,K+-
ATPase (1:500). Equal amount of protein (50 mg) were loaded for
each sample. (B) Functional relevance of PATJ during basal and (C)
sodium-stimulated Na+,K+-ATPase activity (5 mM monensin for
30 min at room temperature). The studies were performed in OK cells
expressing PATJ wild type (WT) and several deletion mutants. Each
bar represents the mean + SEM of 8–11 independent experiments
performed in triplicate determinations.
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and Ser-18 residues within the Na+,K+-ATPase a-subunit
(Efendiev et al., 2003) while insulin activates tyrosine kinase
to phosphorylate Tyr-5 within Na+,K+-ATPase (Feraille et al.,
1999). Interestingly, in the presence of PATJ deletion
mutants both ATII and insulin increased Na+,K+-ATPase activ-
ity in a remarkably similar fashion which can be hypotheti-
cally interpreted as two independent signalling pathways
that at one stage converge and share a common molecular
mechanism during stimulation of Na+,K+-ATPase activity.
Overexpression of PATJ in OK cells could result in other cel-
lular effects because its PDZ domains may lead to the forma-
tion of other protein complexes. However, this possibility
should not affect the interpretation of these results because
the effects of dopamine, ATII, or insulin on Na+,K+-ATPase
activity remained in cells expressing the wild type PATJ.
Ideally, the information obtained from these studies could be
complemented by depleting endogenous PATJ from the OK
cells; however, a gene-silencing approach has not been used
in this study due to the lack of PATJ sequence and identity in
this cell line.

The role of PDZ domains within PATJ and other cellular
processes such as distribution (polarity) of proteins in differ-
ent subcellular domains has been highlighted (Biber et al.,
2005). It would, therefore, seem likely that the constitutive
association of PATJ with the Na+,K+-ATPase could also repre-
sent a relevant interaction governing the polarized distribu-
tion of this enzyme in transporting epithelia. Additionally,

because in the presence of different PATJ mutants neither the
basal nor the sodium-stimulated Na+,K+-ATPase activity was
significantly affected, suggesting that its role may be selective
to hormonal regulation of this enzyme, rather than being
responsible for changing the housekeeping functions of the
enzyme. A precedent for the involvement of PDZ domain
protein (NHERF-1) during regulation of Na+,K+-ATPase activity
has been reported in response to parathyroid hormone in
renal epithelial cells (Khundmiri et al., 2005).

In summary, PATJ could serve as a scaffolding mechanism
necessary not only for the integration of the dopamine recep-
tor network, to add functionality in time and space and to
avoid deleterious crosstalk, but also to organize, similarly, the
stimulatory effect of insulin and ATII receptor signalling on
Na+,K+-ATPase activity and cell sodium transport.
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individual PDZ domain deletions. (A) Abundance of dopamine receptors (upper panel) was examined in cell lysates obtained from OK cells
expressing different PATJ deletion mutants by Western blot using antibodies against dopamine D1 receptors (DA1-r; 1:500). Equal amount of
protein (50 mg) were loaded for each sample. Functional relevance of PATJ during dopamine-dependent inhibition of Na+,K+-ATPase activity in
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