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The very existence of higher metazoans depends on the vectorial transport of substances across epithelia. A crucial
element of this transport is the membrane enzyme Na�,K�-ATPase. Not only is this enzyme distributed in a polarized
manner in a restricted domain of the plasma membrane but also it creates the ionic gradients that drive the net movement
of glucose, amino acids, and ions across the entire epithelium. In a previous work, we have shown that Na�,K�-ATPase
polarity depends on interactions between the � subunits of Na�,K�-ATPases located on neighboring cells and that these
interactions anchor the entire enzyme at the borders of the intercellular space. In the present study, we used fluorescence
resonance energy transfer and coprecipitation methods to demonstrate that these � subunits have sufficient proximity and
affinity to permit a direct interaction, without requiring any additional extracellular molecules to span the distance.

INTRODUCTION

Most epithelia, including cells cultured as monolayers that
are used as model systems (Cereijido et al., 1978), express
Na�,K�-ATPase in a polarized manner toward the basolat-
eral side of the cell (Cereijido et al., 1981) and more specifi-
cally at cell borders facing the intercellular space (Contreras
et al., 1995; Cereijido et al., 2001; Shoshani et al., 2005). This
position is so resilient that when cells are harvested with
trypsin/EDTA, although Na�,K�-ATPase is first random-
ized and redistributed over the whole plasma membrane, it
recovers its polarity in a few hours upon replating at con-
fluence (Cereijido et al., 1980). During this recovery, even
pumps that were trapped on the apical (incorrect) surface
because of the quick formation of the tight junction (TJ) are
removed and relocated to the correct side (Contreras et al.,
1989). The generation of cell surface polarity of most mem-
brane proteins involves sorting signals encoded in their
amino acid sequence (Matter and Mellman, 1994; Matter,
2000; Rodriguez-Boulan et al., 2005; Weisz and Rodriguez-
Boulan, 2009), trafficking routes that include apical or basolat-
eral recycling endosomes (Gonzalez and Rodríguez-Boulan,
2009), and interactions with epithelial-specific protein com-
plexes such as AP-1B and clathrin, which may be regulated by
small GTPases (Ellis et al., 2006; Gravotta et al., 2007; Tanos and
Rodríguez-Boulan, 2008; Deborde et al., 2008; Mellman et al.,
2008; González and Rodríguez-Boulan, 2009).

However, previous efforts to identify an amino acid se-
quence that functions as a basolateral polarity signal in
Na�,K�-ATPase have failed (Muth et al., 1998; Dunbar and

Caplan, 2000). Moreover, the basolateral localization of the
pump is independent of AP-1B because the pump localizes
to the basolateral surface in the �1B-deficient cell line LLC-
PK1 (Duffield et al., 2004) and in Madin-Darby canine kidney
(MDCK) cells in which �1B expression has been suppressed
via RNA interference (Gravotta et al., 2007). In epithelial
cells, newly synthesized Na�,K�-ATPase is sent directly to
the basolateral membrane (Caplan et al., 1986; Contreras et
al., 1989; Gottardi and Caplan, 1993a; Mays et al., 1995,
Zurzolo and Rodríguez-Boulan, 1993; Gottardi and Caplan
1993b; Mays et al., 1995, Zurzolo and Rodríguez-Boulan,
1993). A recent study that used a SNAP tag system (New
England Biolabs, Ipswich, MA) to determine the trafficking
itinerary of the newly synthesized Na� pump revealed that
basolateral delivery of the Na�,K�-ATPase does not involve
passage through recycling endosomes. Furthermore, be-
cause it is an AP-1B–independent cargo, it follows a different
pathway en route to the basolateral domain of the epithelial
plasma membrane, involving a distinct (and as yet uniden-
tified) post-Golgi transport intermediate of the cellular sort-
ing machinery (Farr et al., 2009). Once at the target domain,
the asymmetric distribution of membrane proteins is rein-
forced by selective retention (Cereijido et al., 2003). Thus,
most cell–cell adhesion proteins anchor to components of
the cytoskeleton. Nevertheless, it has been shown that re-
tention can also be achieved by cis (in the same plasma
membrane) and/or trans (between adjacent cells) homotypic
or heterotypic molecular interactions (Yoshida and Takeichi,
1982; Gallin et al., 1983; Nose et al., 1988; Contreras et al.,
1995; Nagar et al., 1996; Nusrat et al., 2000, 2005; Arrate et al.,
2001; Kostrewa et al., 2001; Niessen and Gumbiner 2002;
Momose et al., 2002; Chen et al., 2005; Blasig et al., 2006; Patel
et al., 2006). Na�,K�-ATPase has been shown to be retained
at the basolateral membrane domain through binding to the
ankyrin-fodrin cytoskeleton (Hammerton et al., 1991). Inde-
pendent of the mechanisms that contribute to Na�,K�-AT-
Pase targeting and based on the identification of the �2
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isoform as an adhesion molecule on glia (AMOG; Gloor et
al., 1990), we hypothesized that the � subunit is involved in
Na�,K�-ATPase polarization (Contreras et al., 1995). Several
lines of evidence suggest that the �1 subunit anchors the
pump at the lateral borders of epithelial cells by a homotypic
�–� interaction at the intercellular space: A given cell only
expresses Na�,K�-ATPase at the cell border provided the
neighboring cell expresses its own Na�,K�-ATPase at the
contacting border (Contreras et al., 1995). MDCK cells (from
dog kidney) cocultured with Chinese hamster ovary (CHO)
cells only express Na�,K�-ATPase at contacting homotypic
MDCK/MDCK borders, but not at heterotypic MDCK/
CHO borders. However, if CHO cells are transfected before-
hand with dog � subunits (CHO-�), then the dog Na�,K�-
ATPase is expressed both at homo- and heterotypic contacts.
This result is even more surprising considering that the
Na�,K�-ATPases of these CHO-� cells contain the trans-
fected dog � subunit and a hamster � subunit, which is
dragged along to its correct position in the plasma mem-
brane (Shoshani et al., 2005). However, it is presently un-
known whether � subunits of neighboring cells are suffi-
ciently close to allow for direct �–� interaction across the
intercellular space, or if this is instead established through
intermediate extracellular molecules. In the present work,
we specifically addressed this question using in vitro and in
vivo protein–protein interaction assays.

MATERIALS AND METHODS

Cell Culture
MDCK and normal rat kidney (NRK)-E52 cells were grown in DMEM con-
taining 10% fetal calf serum (FCS), and CHO cells were cultured in a mixture
of F-12/DMEM. Cells were harvested with trypsin-EDTA and plated on
dishes with or without glass coverslips, or on glass-bottom dishes for live
imaging (MatTek, Ashland, MA). Cells were transfected with plasmid DNA
using Lipofectamine 2000 (Invitrogen, Carlsbad, CA), according to the man-
ufacturer’s protocol. After 5 d, cells were sorted by fluorescence-activated cell
sorting by using a MoFlo Cell Sorter (Beckman Coulter, Fullerton, CA) for
yellow and cyan fluorescence and were then selected with 0.8 mg/ml G418 to
generate stable clones. Cell mixtures for immunofluorescence (IF) analysis
were made as described previously (Contreras et al., 1995). In brief, NRK cells
were prelabeled with 5-(and-6)-{[(4-chloromethyl)benzoyl]amino}-tetrameth-
ylrhodamine (Cell Tracker Orange CMTMR; Invitrogen) at a final concentra-
tion of 6.3 �M for 1 h at 36.5°C. The cells were then washed three times with
phosphate-buffered saline (PBS) without calcium trypsinized and resus-
pended in CDMEM. Finally, the labeled cells were mixed with an equal
number of MDCK cell, cocultured on glass coverslips for 48 h, and then
processed for immunofluorescence assays.

Constructs and Recombinant Proteins
The full-length cDNA of the canine Na�,K�-ATPase �1 subunit was N-
terminally tagged with a His6 epitope by polymerase chain reaction (PCR)
amplification using forward primer 5�-GCGGCCGCAAAATGGCCCATCAT-
CATCATCATCATCGCGGAAAAGCCAAGGAG-3� and reverse primer 5�-
CGCCGGCGTCAGCTCTTAACTTCAATTTTTACATC-3�. PCR products were
cloned into a pCR 2.1 TOPO vector (Invitrogen) and sequenced with a capillary-
based electrophoresis sequencer ABI Prism 310 (Genetic Analyzers, Applied
Biosystems, Foster City, CA). Positive clones were digested with NotI, and the
fragment was inserted into a similarly digested pIRESneo vector (Clontech, Palo
Alto, CA) to generate the expression vector pIRESneo-�His6. The chimera DPP�
(dog subunit) construct in a pCB6 vector was a kind gift of Dr. D. M. Fambrough
and was generated as reported previously (Hamrick et al., 1993) for the chicken
�1 subunit. To generate the fusion proteins (�1-cyan fluorescent protein [CFP]
and �1-yellow fluorescent protein [YFP]), the full cDNA of the rat kidney Na�,
K�-ATPase �1 subunit was amplified with forward primer 5�-TCGACTCGAG-
GAATGGCCCGCGGAAAAGCC-3� and reverse primer 5�-GAATTCGGCTCT-
TAACTTCAATTTTTACATC-3�. The PCR products were cloned into a pBlue-
script II KS�/� vector (Stratagene, La Jolla, CA). The cDNA of the rat �1 subunit
was digested with XhoI and KpnI and inserted into mammalian fluorescent
expression vectors pAmCyan-N1 and pEYFP-N1 (Clontech) that had been pre-
viously digested with the same restriction enzymes. Several clones were sub-
jected to plasmid purification using a GeneJET Plasmid Miniprep Kit (Fermentas,
Burlington, ON, Canada), and the fusion protein constructs were confirmed by
restriction digests and sequencing.

Immunofluorescence
The �1 subunit and its recombinant variants were assayed by immunofluo-
rescence as described previously (Shoshani et al., 2005). After blocking, cells
were incubated with primary antibodies against the �1 subunit, washed six
times quickly with PBS-Tween (0.05%), and then incubated with the second-
ary antibodies (1:100) for 1 h at room temperature. The following secondary
antibodies were used: Alexa 495-conjugated goat anti-mouse immunoglobulin G
(Invitrogen) and cyanine 5-conjugated goat anti-mouse. Specimens were
mounted with VECTASHIELD medium (Vector Laboratories, Burlingame, CA)
and observed with a TCS SP2 confocal microscope (Leica, Hiena, Germany) or a
FluoView FV1000 confocal microscope (Olympus, Center Valley, PA).

Immunoblotting
Western blot analysis of whole cell protein extract was performed as de-
scribed previously (Shoshani et al., 2005). In brief, MDCK, NRK-E52, and
CHO cells were washed with PBS and solubilized with radioimmunoprecipi-
tation assay (RIPA) buffer [10 mM piperazine-N,N�-bis(2-ethanesulfonic acid),
pH 7.4, 150 mM NaCl, 2 mM ethylenediamine-tetraacetic acid (EDTA), 1%
Triton X-100, 0.5% sodium deoxicholate, and 10% glycerol] containing pro-
tease inhibitors (Complete Mini; Roche Diagnostics, Indianapolis, IN). The
protein content of the cell lysate was measured (BCA protein assay reagent;
Pierce Chemical, Rockford, IL) and prepared for SDS-polyacrylamide gel
electrophoresis (PAGE) by boiling in sample buffer. The resolved proteins
were electrotransferred to a polyvinylidene difluoride membrane (Hybond-P;
GE Healthcare, Little Chalfont, Buckinghamshire, United Kingdom). The
proteins of interest were then detected with the specific polyclonal or mono-
clonal antibodies indicated in each case, followed by species-appropriate
peroxidase-conjugated antibodies (Zymed Laboratories, South San Francisco,
CA) and chemiluminescent detection (ECL PLUS; GE Healthcare).

Pull-Down Assay
CHO cells stably expressing �His6 were cultured for 48 h and then lysed with
RIPA buffer containing protease inhibitors and the protein content was de-
termined. �His6as bait was immobilized on nickel-nitrilotriacetic acid beads
(His Trap FF column; GE Healthcare) previously equilibrated with 10 ml of
RIPA containing protease inhibitors. In general, 4 mg of total protein extract
was loaded and allowed to interact for at least 1 h at 4°C with gentle shaking.
After 10 washes with 10 ml of 20 mM imidazole, the supernatant of SD�-
expressing CHO cells was loaded as prey, and interaction was allowed to
occur overnight at 4°C. After washing with 10 and 20 mM imidazole, bound
proteins were eluted with 500 mM imidazole. Eluates were loaded on a 10%
SDS-PAGE gel and analyzed by immunoblotting using an anti-dog �1 anti-
body and a SuperSignal West HisProbe Kit (Thermo Fisher Scientific, Rock-
ford, IL). For this assays, CHO SD� cells were cultured in serum-free media
for 4 d. The conditioned medium was then collected and further purified by
fast-performance liquid chromatography chromatography.

Immunoprecipitation
MDCK cells stably expressing rat �1-YFP were cocultured with NRK-E52
cells. After 48–72 h, cells from the mixed monolayer were lysed with lysis
buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1% Nonidet P40, 0.5% sodium
deoxicholate, and Complete Protease Inhibitor Cocktail 1� [Roche Diagnos-
tics]). Immunoprecipitation was performed with a rabbit polyclonal antibody
against the �1 subunit (Santa Cruz Biotechnology, Santa Cruz, CA) or with a
chicken antibody against green fluorescent protein (GFP) (Aves Labs, Tigard,
OR), followed by overnight incubation with AffiGel protein A agarose (Bio-
Rad Laboratories, Hercules, CA). Immunoprecipitated proteins were eluted
with freshly prepared buffer (10% glycerol, 50 mM Tris-HCl, pH 6.8, and 1 M
NaCl), followed by removal of the agarose beads by centrifugation. The
supernatant was then loaded on 8% SDS-PAGE gels. Western blot analysis
was done using the following primary antibodies: mouse anti pan-species �1
antibody (1:1000 dilution; Santa Cruz); a mouse monoclonal antibody (mAb)
against dog �1 subunit donated by Dr. M. Caplan (1:200 dilution; Yale
University, New Haven, CT); and a mouse monoclonal anti-rat �1 subunit
antibody (IEC 1/48 1:1000 dilution) donated by Dr. A. Quaroni (Cornell
University, Ithaca, NY). Anti-mouse peroxidase-conjugated secondary anti-
bodies (1:5000 dilution; Zymed Laboratories) were then applied.

Fluorescence Resonance Energy Transfer (FRET) Assay by
Acceptor Photobleaching
For analyzing FRET efficiency, live MDCK cells stably expressing �1-CFP or
�1-YFP were cocultured on glass-bottomed dishes (MatTek) for 48–72 h. The
plates were mounted in a metal chamber at 37°C and 5% CO2 and analyzed
with an FV-1000 confocal microscope (Olympus). The excitation ranges for the
fluorophores were 390–425 nm for �1-CFP and 445–500 nm �1-YFP and the
emission intensities were recorded at 475–525 nm for �1-CFP and 540–575 nm
for �1-YFP. Photobleaching of enhanced YFP was performed on selected cell
membrane areas. Assessment of the expected change in donor intensity
corresponding to the nonbleached region of the acceptor provided a measure
of background FRET or signal noise. Analysis of FRET data were based on the
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percentage increase of postbleach donor intensity compared with prebleach
donor intensity. FRET efficiency (E) was calculated from the ratio of CFP
fluorescence evaluated before (DPRE) and after (DPOST) photobleaching, using
FV10-ASW version 1.7 (Olympus) and the following formula:

%E � [(DPOST � DPRE)/DPOST] � 100

Cell cultures expressing only �1-CFP or �1-YFP were used for correction
and determination of the laser intensity, as well as to determine the gain and
offset settings. Emission intensities in several membrane regions were re-
corded at 475–525 nm for �1-CFP and at 540–575 nm for �1-YFP.

Statistical Analyses
Statistical analyses were performed with Prism 4 software (GraphPad Soft-
ware, San Diego, CA). Results are expressed as means � SE. The groups were
compared by one-way analysis of variance (ANOVA) using the Bonferroni
multiple-comparison test. Differences were considered significant if p � 0.05.

RESULTS

The �–� Interaction Is Species Specific
Interactions between adjacent cells from different animal spe-
cies are not unique or universal but depend on the type of
cell–cell junction involved. TJs are promiscuous, because those
established between cells belonging to different animal species
have a degree of sealing that can be predicted from the trans-
epithelial electrical resistance of each cell type and their pro-
portions in the mixed monolayer (González-Mariscal et al.,
1989). In contrast, adherens junctions are homotypic and can
be seldom, if ever, established between epithelial cells from
different animal species (Contreras et al., 2002; Halbleib and
Nelson, 2006). We have found previously that the homotypic
requirement for cell–cell junctions extends to the distribution of
Na�,K�-ATPase (Contreras et al., 1995). In keeping with our pre-
vious observations (Shoshani et al., 2005), Figure 1A shows that
MDCK cells present a typical “chicken fence” pattern of Na�,K�-
ATPase distribution in monolayers of pure MDCK cells; however,
when the MDCK cells are cocultured with NRK-E52 epithelial
cells from NRK (Figure 1B), Na�,K�-ATPase is only detected in
homotypic interactions. In contrast, when the NRK cells are trans-
fected with dog �1 (NRK�), MDCK cells express Na�,K�-ATPase
in all cell–cell borders (Figure 1C).

Dog �1 Subunits Interact In Vitro
The �–� interaction in vitro was studied with pull-down
assay using the wild-type dog �1 subunit (�WT), its extra-

cellular domain (SD�) and the complete dog �1 tagged with
a hexahistidine repeat epitope tag (�His6) (Figure 2A). Wild-
type CHO cells express a Na�,K�-ATPase that is barely recog-
nized by a specific anti-dog �1 subunit antibody (Figure 2B).
These cells were transfected with the cDNA for dog SD� and
�His6 to generate stable clones. Figure 2, C and D, shows CHO
cells expressing cytoplasmic SD� in transit to be secreted and
�His6 in the plasma membrane (green), respectively. Western
blots of lysates of �His6-expressing CHO cells present a band
of �50 kDa corresponding to the fully glycosylated form of the
dog �1 subunit detected with an antibody against this species
(Figure 2E, lane 1). As shown in Figure 2E (lane 2), this band
corresponds to �His6, because it is also detected using a His6
detection kit (His probe). We then immobilized purified �His6
on a nickel matrix column, and after extensive washing, loaded
it with SD� supernatant (SN SD�). Figure 2E (lane 3) shows a
broad band of soluble �1 ectodomain that, as expected, is
lighter because it lacks the cytoplasmic and transmembrane
domains. Notably, a His probe does not recognize any protein
when applied to SN SD� (lane 4). After an incubation period,
bound proteins were eluted with imidazole buffer, separated
on SDS-PAGE, and analyzed by Western blotting using an
antibody against dog �1 subunit or His probe. The pattern of
bands observed in Figure 2E (lane 5) corresponds to the in vitro
mixture of the soluble extracellular domain of the dog �1
subunit and �His6 and is similar to the pattern observed in
lane 6, which corresponds to the eluted (pulled down) proteins,
indicating that the soluble extracellular domain of dog �1 sub-
unit and �His6 were interacting. For comparison, lane 7 shows a
negative pull-down assay in which wild-type CHO cell superna-
tant was used. Lanes 8 and 9 are analogous to lanes 6 and 7, except
that this time the membrane was blotted with His probe. As
expected, bands corresponding to the �1 subunit are observed
only where �His6 is present. Together, these results suggest that
�–� interaction can be reconstituted in vitro. This interaction prob-
ably involves the extracellular domains, although this experiment
does not show that the interaction is direct.

Molecular Tools to Study �–� Interactions In Vivo
As mentioned in the Introduction, the aim of this work was
to study the interaction of the � subunit of a given Na�,K�-
ATPase with that of another Na�,K�-ATPase in the plasma
membrane of a cell across the intercellular space. Our first
approach, using an in vitro protein–protein interaction assay
(Figure 2), suggested that such an interaction is possible,
although it did not confirm a direct interaction. To test this
possibility in vivo, we constructed recombinant rat �1 sub-
units fused to the fluorescent proteins CFP or YFP, which we
will refer to as R� CFP and R� YFP, respectively (Figure 3A).
These constructs were expressed in MDCK cells. Using a
specific antibody against the dog �1 subunit in a Western
blot assay, the only band detected is, of course, the band
representing the endogenous �1 subunit of MDCK cells
(Figure 3B, lanes 1–3). Whereas this antibody detects no
band at all in NRK cells (Figure 3B, lane 4), a specific
antibody against the rat �1 subunit shows a single band of 95
kDa in cell extracts of MDCK cells transfected with either R�
CFP or R� YFP (MR �YFP and MR �CFP, Figure 3C, lanes 1
and 2). No band is observed in wild-type MDCK cells (Fig-
ure 3C, lane 3). An antibody against GFP that recognizes all
GFP-derived fluorescent proteins confirms that the 95-kDa
band corresponds to the rat �1YFP (Figure 3D, lane 1) and
rat �1CFP (Figure 3D, lane 2). As expected, this high-molec-
ular-weight band is not detected in nontransfected MDCK
cells (Figure 3D, lane 3). To make sure that the fluorescent �1
subunit is expressed in a membrane position that would
allow us to study �-� interactions in cells, we used immu-

Figure 1. MDCK cells express �1 subunits at homotypic but not at
heterotypic contacts. Localization of the dog �1 subunit (A–C,
green) of Na�,K�-ATPase was studied by immunofluorescence as-
say in MDCK cells derived from dog kidney. (A) Monolayer of pure
MDCK cells showing that the �1 subunit is only expressed at the
plasma membranes in the lateral domain where cells contact each
other. (B) MDCK cells cocultured with NRK cells (derived from
normal rat kidney) that were labeled beforehand with CMTMR
(red). In the mixed monolayer, the �1 subunit is only expressed at
homotypic borders (MDCK/MDCK) but not at heterotypic ones
(MDCK/NRK). (C) Monolayer of mixed MDCK/NRK cells trans-
fected with dog �1 subunit shows that the � subunit (green) is
concentrated at both homotypic MDCK/MDCK contacts and het-
erotypic MDCK/NRK contacts. Bars, 20 �m.
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nofluorescence and confocal microscopy to visualize the
localization of R� CFP and R� YFP. Figure 3E shows the typical
chicken fence pattern of the �1 subunit as seen in nontrans-
fected MDCK cells using an antibody against the dog �1 sub-
unit. This pattern is not observed if the anti-rat �1 subunit
antibody is used (Figure 3F). As shown in Figure 3, G and H,
both fluorescent proteins are expressed at the lateral plasma
membrane of transfected MDCK cells. This fluorescent signal
colocalizes with the rat �1, as seen by anti rat �1 antibody staining
(Supplemental Figure S1, A and B) and staining of the endoge-
nous dog �1 subunit (Supplemental Figure S1, C and D). More-
over, nontransfected MDCK cells are excited in the same condi-
tions as the YFP-transfected ones (Supplemental Figure S2, A and
C), and when observed with confocal microscopy, they do not
exhibit a fluorescent signal. Nonetheless, cadherin expression, as
assayed by an anti-pan-cadherin antibody, is well conserved in
MDCK cells expressing R� YFP (Supplemental Figure S2, B
and D). Therefore, the molecular tools we have developed to
study the interaction between � subunits (R� CFP and R� YFP)
are localized to the plasma membrane and do not perturb the
distribution of other membrane molecules.

�–� Interactions Are Strong and Specific
To analyze whether the �1 subunits of Na�,K�-ATPases of
neighboring cells interact with each other (transinteraction), we
applied an immunoprecipitation (IP) assay. For this strategy,

MDCK cells transfected with R� YFP and wild-type NRK cells
were cocultured. Cell lysates of nontransfected MDCK cells
and of wild-type NRK cells were separated on SDS-PAGE gels
and immunoblotted with a mAb that recognizes the �1 subunit
of various animal species. A clear band corresponding to the
endogenous �1 subunit was detected in MDCK cell extract
(Figure 4A, lane 1) and in NRK cell extract (Figure 4A, lane 2).
To analyze the possible �–� interaction between the rat �1
subunits of neighboring cells, immunoblotting of the cell lysate
obtained from cocultures (Figure 4A, lane 3) and immunopre-
cipitation with an anti-�1 subunit antibody (Figure 4A, lane 4)
were performed. Two bands were observed: a band of high
molecular weight (95 kDa), corresponding to the exogenous rat
�1 subunit (R� YFP) and a lower weight band (55 kDa), corre-
sponding to the endogenous dog and rat �1 subunits (which
cannot be distinguished by molecular weight). Conversely,
immunoprecipitation of the transfected R� YFP by using
an antibody against GFP produced a 55-kDa coimmuno-
precipitated protein (Figure 4A, lane 5), indicating that
these two proteins strongly interact. Nevertheless, the
possibility exists that the immunoprecipitated recombi-
nant rat �1 subunit could coprecipitate the dog �1 subunit
of a neighboring Na�,K�-ATPase present in the same cell
membrane (cis interaction). To rule out this possibility, we
analyzed the anti-GFP immunoprecipitates by immuno-
blotting, using specific antibodies against either the dog

Figure 2. � Subunits interact in vitro. (A)
Scheme of the wild-type and recombinant �
subunits used in this study. Shown are the
wild-type � subunit (�WT, top), the soluble �
subunit consisting only of the extracellular
domain (SD�, middle), and the � subunit
tagged with a hexahistidine repeat (�His6,
bottom). (B–D) Immunofluorescence images
of the dog �1 subunit expressed in CHO cells.
CHO WT cells (B), CHO cells expressing SD�
(C), and CHO cells expressing �His6 in their
plasma membranes (D) are depicted. Nuclei
were stained with propidium iodide (red).
Bars, 40, 30, and 20 �m, respectively. (E) Pull-
down assay analysis. Western blots using an
antibody against the dog �1 subunit and a His
probe reveal, in both cases, the recombinant
�His6 protein (lane 1 and 2), whereas only the
dog �1 antibody recognizes the soluble extra-
cellular domain of dog �1 (SD�, lanes 3 and
4). A mixture of purified SD� with �His6
produces the mixed pattern shown in lane 5.
The proteins eluted from a pull-down (PD)
assay by using �His6 as bait and soluble SD�
as prey (lane 6) show the same pattern of
bands. Only the band corresponding to the
bait protein (�His6) is observed when the
pull-down is performed with CHO WT cell
supernatant (lane 7). This is confirmed when
both pull-downs are blotted to detect the His6
repeat (lanes 8 and 9).
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�1 subunit or the rat �1 subunit. As shown in Figure 4B,
the dog-specific antibody detected neither the low-molec-
ular-weight (WT) nor the high-molecular-weight (recom-
binant) rat �1 subunits (lane 1) when cocultures were IPed
with an anti-GFP antibody, whereas the rat-specific anti-
body recognized both proteins (lane 2). On the other
hand, the antibody against the dog subunit barely recog-
nized the endogenous dog �1 in immunoprecipitates ob-
tained with an antibody against �1 from several species
(lane 3), whereas the anti rat-�1 antibody recognized both
the endogenous and YFP-tagged proteins (lane 4). Immu-
noprecipitates of pure MR� YFP cells immunoblotted
with antibodies against both the rat �1 and dog �1 sub-
units show a band corresponding to the dog �1 subunit
(lane 5) and a band corresponding to the rat recombinant
protein (lane 6), suggesting that �–� interaction between dog
subunits may occur naturally in MDCK cells. As negative controls
for immunoprecipitation, we used cocultures of WT MDCK and
NRK and blotted them with an anti-�1 antibody (Figure 4C). As
expected, dog and rat �1 are detected in the immunoprecipitates
for the �1 subunit (Figure 4C, lanes 1 and 2) but are not detected
in GFP immunoprecipitates (lane 3). The overall conclusion from
this group of experiments is that rat �1 subunits of a given cell
interact with the homotypic �1 subunits of neighboring cells.

Rat �1 Subunits Located in Neighboring Cells Interact
In Vivo
To further demonstrate that rat �1 subunits of neighboring
cells interact in situ, two stable clones of MDCK cells, one
expressing R� CFP and the other R� YFP, were generated
(Figure 3). Cocultures of MDCK cells expressing CFP or YFP
fusion proteins were used to perform FRET by acceptor
photobleaching assays. FRET quenches donor fluorescence;

therefore, the rebound of donor fluorescence after photode-
struction of acceptors provides a straightforward means to
measure the apparent FRET efficiency, Eapp. The raw data
consist of two images: donor fluorescence taken before
(DPRE) and after (DPOST) acceptor photobleaching. A repre-
sentative confocal image of an experiment in which photo-
bleaching of YFP was performed on a selected domain of cell
membrane is shown in Figure 5. Merged images of CFP and
YFP fluorescence are shown in Figure 5, A and B. A strong
laser line of 515 nm fades YFP but not CFP (Figure 5B).
Photobleaching of YFP increased the fluorescence intensity
of CFP in the region of interest (ROI) 1 (Figure 5B) by 26.6%
relative to its intensity before photobleaching and the calcu-
lated energy transference efficiency (%E) of 10 experiments
was 21.3%. This %E suggests that the �1 subunits tagged
with CFP and YFP must be located at �10 nm from each
other (Kenworthy, 2005). As an internal control, fluorescence
intensity was measured in ROI 2 (Figure 5B), where CFP
does not have YFP in its proximity; therefore, its intensity
does not change (Supplemental Table 1). As a positive con-
trol, a fused CFP-YFP molecule was expressed in the cyto-
plasm of MDCK cells. In this construct, the two proteins are
located close enough to transfer resonance energy (Supple-
mental Figure S3, A–C). Photobleaching of YFP increased
the fluorescence intensity of CFP (ROI 3 in Supplemental
Figure S3C) by 13.4% relative to its intensity before pho-
tobleaching, representing a %E equal to 11.5% (Supple-
mental Table 1). Figure 5C summarizes these results. The
first bar represents the energy transfer between two �1
subunits placed in the plasma membrane of neighboring
(living) MDCK cells. The shaded bar corresponds to the
positive control (fused CFP-YFP). The third bar shows the
endogenous negative control (ROI 2). The %E values of

Figure 3. Cellular expression of molecular tools. (A) Scheme of the � subunits fused to donor or acceptor fluorophores. Shown are the rat
�1 subunit fused to CFP in the extracellular domain (R� CFP, top) rat �1 subunit fused to YFP in the extracellular domain (R� YFP). (B–D)
Western blot assays to detect the expression of both constructs in transfected MDCK cells (MR� CFP or MR� YFP). (B) Detection of �1
subunits with a specific antibody against the dog subunit. No band is detected in rat NRK-E52 cells. (C) Detection of the rat �1 subunit with
a specific antibody for this species. No band corresponding to the rat �1 subunit is observed in WT MDCK cells. (D) Immunodetection using
an anti-GFP antibody. A 95-kDa band corresponding to the fluorescent constructs (MR� CFP or MR� YFP) is visible. This band coincides with
the band recognized by the rat-specific antibody and does not appear in MDCK WT cells. (E–H) Confocal images of WT MDCK cells and
MDCK cells transfected with R� CFP or YFP. (E) IF of the endogenous dog �1 and rat �1 (F) subunits in WT MDCK cells. (G) Fluorescence
imaging of R� CFP obtained by exciting at 390–425 nm and recording its recovery at 475–525 nm. (H) Fluorescence imaging of the R� YFP
obtained by exciting at 475–515 nm and recording its emission at 540–575 nm. Bar, 20 �m.
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bar 1 and 2 are significantly higher (p � 0.001) than that of bar
3. To validate the system, a region was chosen in which CFP-
expressing cell was separated from YFP-expressing cell by an

MDCK cell that did not express either protein (ROI 4 in Sup-
plemental Figure S3F). Photobleaching of this area showed no
energy transfer effect (Supplemental Table 1). As an additional
negative control, MDCK cells expressing the CFP plasmid
alone (without the �1 subunit) in contact with cells expressing
R� YFP were analyzed. When region ROI 5 was photobleached
(Supplemental Figure S3I), there was no energy transfer effect,
as expected (Supplemental Table 1). Together, these results
suggest that the �1 subunits of Na�,K�-ATPases in neighbor-
ing MDCK cells are close enough to directly interact. This was
a basic assumption of the model proposed by Shoshani et al.
(2005) to account for the maintenance of the polarized distri-
bution of the Na�,K�-pump in epithelial cells.

DISCUSSION

Half a century ago, Koefoed-Johnsen and Ussing (1958) put
forward a plausible explanation for the transepithelial trans-
port of Na� (Figure 6A) that was subsequently used as a
model for the transport of substances across all epithelia
(Figure 6B). Ironically, although a central element of the
KJ-U model is the asymmetric distribution of Na�,K�-AT-
Pase and this asymmetry was later supported by the fact
that ouabain inhibits Na� transport when added to the inner
bathing solution but not to the outer one, the intrinsic mech-

Figure 4. Interaction between � subunits of neighboring cells. (A)
Immunodetection of �1 subunits with the pan-species �1 subunit
antibody. Characteristic bands of MDCK WT (lane 1), NRK WT
(lane 2), and cocultures of NRK WT and MR� YFP cells (lane 3)
blotted with the pan-species �1 subunit antibody, dog (D�1) and rat
subunits (R�1). The low-molecular-weight endogenous �1 and the
high-molecular-weight �1-YFP are both recognized by the same
antibody (lane 4). Immunoprecipitated cocultures of NRK WT and
MR� YFP cells by using an antibody against GFP reveal a band
corresponding to the recombinant R� YFP (95-kDa band; lane 5) and
a coimmunoprecipitated lighter band corresponding to the native �1
subunit (55-kDa band in lane 5). (B) Immunoprecipitation with an
anti-GFP antibody shows no bands when blotted with an antibody
against D�1 (lane 1). If the blot is instead performed with the
pan-species �1 subunit antibody, both the endogenous and recom-
binant proteins are revealed (lane 2). The same pattern is seen if the
immunoprecipitations are performed with the pan-species �1 anti-
body (lanes 3 and 4). Immunoprecipitation with the �1 antibody of
MDCK cells expressing recombinant rat �1 (MR� YFP) shows the
endogenous �1 (lane 5) when blotted with the D�1 antibody and the
transfected one when detected with the R�1 antibody (lane 6). (C)
As negative controls, we immunoprecipitated cocultures of MDCK
WT with NRK cells and probed them with D�1, R�1, and GFP
antibodies. As expected, the endogenous dog (lane 1) and rat (lane
2) subunits were detected, whereas YFP-�1 was not (lane 3).

Figure 5. Interaction between �1 subunits observed by FRET
after the in vivo acceptor photobleaching assay. (A) Fluorescence
image captured before acceptor photobleaching in cocultures of
MR� CFP (cyan) and MR� YFP (yellow) living cells. The optical
merge shows the colocalization of both fluorescent proteins in
cell-cell contact areas (green). (B) Fluorescence of the same opti-
cal section after photobleaching of the YFP in a membrane section
that possessed both CFP and YFP expression. ROI 1 was the
region used for quantification of %E. Bleaching of YFP in this
region increased the fluorescence of CFP. ROI 2 was the region
used as an internal negative control, in which the change of CFP
fluorescence was also measured. Bar, 20 �m. (C) Quantification of
%E. The percentage of energy transference obtained in 10 exper-
iments was averaged. Bars represent SEM and asterisks indicate
p � 0.001 with respect to negative control. ROI 3 is from MDCK
cells expressing a CFP-YFP tandem construct (positive control)
and ROI 1 and 2 are the same as in B. Data are summarized in
Supplemental Table 1.
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anism for producing this polarity remained unknown
(Cereijido et al., 2001). Even today, although it is known that the
polarized expression of proteins in epithelial cell membranes is
influenced by sorting and retention signals in the protein se-
quence and by the series of events preceding their insertion in
the membrane, the polarized expression of Na�,K�-ATPase
has not been directly attributed to these factors (Matter, 2000;
Mellman and Nelson, 2008; Farr et al., 2009). Because the trans-
port and ATP-hydrolysis capabilities of Na�,K�-ATPase are
primarily due to its � subunit, it was assumed that this subunit
would also be responsible for the asymmetric distribution of
the enzyme. However, we have shown previously that the
polarity is also due to interactions between � subunits of
Na�,K�-ATPases in neighboring cells. By binding to each
other across the intercellular space, these subunits anchor the
entire enzyme at the cell’s lateral membrane (Shoshani et al.,
2005; Figure 6, C–E). Subsequently, the question arose as to
whether the distance between these enzymes is close enough to
permit �–� binding without the participation of an intermedi-
ate molecule. The present work addressed this question, with
the following results: 1) two �1 subunits can interact directly in
vitro; 2) this �–� interaction is also established in vivo between
�1 subunits located in the plasma membranes of neighboring
cells; 3) the �–� interaction is species-specific because it is
observed between rat/rat and dog/dog �1 subunits, but not
between rat/dog subunits; and 4) in cultured monolayers of
MDCK cells, the extracellular domains of �1 subunits on neigh-
boring cells are close enough to allow energy transference in
FRET assays. Together, our results indicate that �–� interac-
tions have all the necessary properties to anchor the Na�,K�-
ATPase at the lateral membrane of MDCK cells. However, this
does not exclude the possibility that other molecular species
might participate.

Until recently, the three-dimensional (3D) structure of the
Na�,K�-ATPase � subunit and the length of its extracellular
moiety was unknown. Nevertheless, there was evidence

suggesting that isoforms of the Na�,K�-ATPase � subunit
had properties of adhesion proteins. For example, the �2
isoform was originally identified in the rat brain as an
AMOG (Gloor et al., 1990). It was also shown that the �1
subunit has an intrinsic glycan-binding capacity and might
be involved in neural cell interactions (Kitamura et al., 2005).
Fortunately, the atomic structure of Na�,K�-ATPase, in-
cluding its three subunits (�, �, and �), was recently resolved
to 3.5 and then 2.4 Å (Morth et al., 2007; Shinoda et al., 2009).
Therefore, we now have a more precise idea about the 3D
organization of the extracellular domain of the � subunit
and its adhesive properties. As suggested previously by
biochemical approaches, part of the extracellular domain of
� subunit interacts with the � subunit (Noguchi et al., 1987)
and is essential for its catalytic function (Geering et al., 1996).
Accordingly, Bab-Dinitz et al. (2009) have shown that the
C-terminal lobe has an independent structure that is analo-
gous to those of other cell–cell adhesion molecules. Much of
the surface of the ectodomain, including the majority of the
immunoglobulin-like structure, is not in direct contact with
the � subunit and thus could interact with other proteins.

It is possible that the ligation of � subunits on neighboring
cells activates cytoplasmic interactions and signaling path-
ways that modulate cell adhesion and cytoskeleton organi-
zation. This possibility is in keeping with experiments show-
ing that Na�,K�-ATPase participates in signaling pathways
that modulate different cell functions (Efendiev et al., 2006;
Liang et al., 2006; Tian et al., 2006) and demonstrating its
involvement in cell–cell adhesion (Gloor et al., 1990; Belusa
et al., 1997; Contreras et al., 1999, 2004, 2006; Vagin et al.,
2006, 2007; Bab-Dinitz et al., 2009).

Three isoforms of the �-subunit (�1, �2, and �3) have been
identified. The Na�,K�-ATPase �2 subunit has multiple N-
glycosylation sites (up to nine sites), whereas the �1 or �3
isoforms have only two or three N-glycosylation sites. The
high degree of glycosylation of the �2 subunit might imply

Figure 6. Polarized expression of epithelial
Na�,K�-ATPase. (A) Seminal model of Koe-
foed-Johnsen and Ussing (1958), in which the
Na�,K�-ATPase (reinforced in magenta) was
assumed to occupy the basal side of the cell,
which constitutes the inner-facing barrier. (B)
From this position, the pump transports Na�

toward the interstitial side of the cell, producing
a net decrease in the cytoplasmic concentration
of this ion and setting up an electrochemical
force that drives counter- and cotransporters of
sugars, amino acids, and ions and possible the
existence of metazoans. (C) Confocal transverse
section of a monolayer of MDCK cells. The nu-
clei are stained with propidium iodide (red)
and the � subunits of Na�,K�-ATPase are
stained with a specific antibody (green), show-
ing that this subunit is localized to the lateral
surfaces of cells, but not to the apical (left) or
basal sides. (D) Na�,K�-ATPase molecules of
two neighboring epithelial cells with interacting
� subunits (green), as shown previously (Shos-
hani et al., 2005) and in the present work. (E)
Na�,K�-ATPase molecules anchored to the lat-
eral membranes. Because of the tight junction,
Na� ions pumped into the intercellular space
can only diffuse inwards, generating vectorial
transport across the epithelium.
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a role in the apical sorting of the corresponding �/� com-
plexes. Moreover, it has been demonstrated that the polar-
ized distribution of Na�,K�-ATPase is correlated with the �
subunit isoform expressed by a given cell. Hence, �1 is
directed to the lateral membrane in epithelial MDCK cells
(Shoshani et al., 2005; Vagin et al., 2005) and �2 is delivered
to the apical membrane in ADPKD (Wilson et al., 2000) and
HGT-1 cells (Vagin et al., 2005). In agreement with the idea
that the multiple N-glycosylation sites in the �2 isoform
function as an apical localization determinant, Vagin et al.
(2005) have shown that the introduction of extra N-glycosyl-
ation sites into the �1 isoform results in apical delivery of the
mutated �1 in HGT-1 cells. Accordingly, Wilson et al. (2000)
transfected MDCK cells with the �2 isoform and demon-
strated that the �1/�2 complex is delivered to the apical
domain. In contrast, Liang et al. (2006) have shown that
deglycosylation treatments in well-polarized hepatic cells by
deglycosylation drugs, or by site-directed mutagenesis of
the N-linked-glycosylation residues, cause the �1 subunit to
traffic from the native basolateral domain to the apical/
canalicular domain.

The polarized delivery of Na�,K�-ATPases to the mem-
brane has been shown to be strictly dependent on the as-
sembly of �� dimers in the endoplasmic reticulum (Geering
et al., 1996, Tokhtaeva et al., 2009). Nevertheless, it is not
clear whether these dimers can disassemble and their sub-
units persist as functional independent proteins once they
are inserted in the plasma membrane. In this respect,
Moreno et al. (2002) have shown that the removal of a
postsynaptic density 95/disc-large/zona occludens group
from the cytoplasmic C-terminal end of the Shaker K�-
channel does not prevent polarization but dramatically
reduces the protein’s residence time in the cell membrane.
Likewise, binding between � subunits might anchor the
two Na�,K�-ATPases to which they belong to the cell
membrane.

Sodium transport across epithelia is important, not only
because of the physiological role of this ion, but also
because the Na� pumped out of the cytoplasm by
Na�,K�-ATPase creates an asymmetry between cytoplas-
mic Na� and extracellular Na�. This asymmetry estab-
lishes an electrochemical gradient across the plasma
membrane that provides the driving force and increases
the substrate affinity for a wide variety of Na�/glucose,
Na�/amino acid, Na�/K�, and Na�/Ca2� cotransporters
(usually, carriers only acquire an affinity for the cotrans-
ported substance once they combine with Na�) (see
Cereijido and Rotunno, 1971). The net movement of sub-
stances such as glucose, amino acids and ions across
epithelia is, in turn, a key requirement for the existence of
metazoan life. Not surprisingly, Na� transport is closely
modulated in response to a multitude of physiological,
pharmacological, and pathological conditions.
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