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Summary
Na,K-ATPase is a hetero-oligomer of α- and β-subunits. The Na,K-ATPase β-subunit (Na,K-β ) is
involved in both the regulation of ion transport activity, and in cell-cell adhesion. By structure
prediction and evolutionary analysis, we identified two distinct faces on the Na,K-β transmembrane
domain (TMD) that could mediate protein-protein interactions: a glycine zipper motif and a
conserved heptad repeat. Here, we show that the heptad repeat face is involved in the hetero-
oligomeric interaction of Na,K-β with Na,K-α , and the glycine zipper face is involved in the homo-
oligomerization of Na,K-β . Point mutations in the heptad repeat motif reduced Na,K-β binding to
Na,K-α , and Na,K-ATPase activity. Na,K-β TMD homo-oligomerized in biological membranes,
and mutation of the glycine zipper motif affected oligomerization and cell-cell adhesion. These
results provide a structural basis for understanding how Na,K-β links ion transport and cell-cell
adhesion.
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Introduction
Na,K-ATPase is a ubiquitously expressed, plasma membrane bound enzyme that mediates the
ATP-dependent transport of three sodium ions out and two potassium ions into the cell. The
ion transduction function of Na,K-ATPase is critical for the maintenance of ion homeostasis
within the cell, and has been well studied.1 Na,K-ATPase is an oligomeric enzyme consisting
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of two essential subunits, the α-subunit (Na,K-α ), which is the catalytic subunit, and a
regulatory β-subunit (Na,K-β ), which is required for the translation, stability, and membrane
insertion of Na,K-α.2,3 Thus, the primary role of Na,K-β is to assist the Na,K-ATPase ion
transport function via its interaction with Na,K-α . Recently, we and others have shown that
Na,K-β also functions as a cell-cell adhesion molecule.4–7 The structural features of Na,K-β
involved in the regulation of Na,K-ATPase enzyme activity and cell-cell adhesion have not
been well characterized.

Na,K-β is a type II transmembrane protein with a short cytoplasmic domain and a large
glycosylated extracellular domain. Three different isoforms of Na,K-β are known so far, viz.
β1, β2, and β3. The transmembrane domain (TMD) of β1 (the β isoform used in this study) is
highly conserved (99%) throughout the animal kingdom ranging from human to chicken.
Amongst the different isoforms of Na,K-β , there is only a 30–35% identity over the entire
protein sequence, however their TMDs are 57–61% identical. This extensive sequence
conservation within the TMD of Na,K-β suggests that Na,K-β TMD must play an important
role in the structure and function of Na,K-ATPase.

A type II membrane protein typically spans the membrane as a stable α-helix, a conformation
that internally satisfies the backbone hydrogen bonding groups in the hydrophobic lipid
environment.8 Folding and assembly of membrane proteins is often supported by specific
interactions between the preformed helical transmembrane segments.9–13 Sequence motifs
have been identified in transmembrane helices that are strongly associated with helix-helix
interactions.14–18 In this study, we show that the TMD of Na,K-β has both, a conserved heptad
repeat, and a glycine zipper motif on two different faces, suggesting the possibility that Na,K-
β could interact with two different partners. To test this hypothesis, we introduced mutations
into the two faces of the Na,K-β TMD to disrupt lateral association with its binding partners.
We find that one face of the Na,K-β TMD interacts with Na,K-α , and regulates enzyme activity,
while the other face is involved in Na,K-β self-association, which is important for the cell-cell
adhesion function of this protein. Thus, Na,K-β is not only a key structural component of the
Na,K ATPase monomer, but it also serves to oligomerize the protein.

Results
Packing interface of Na,K-β transmembrane domain

Certain sequence motifs are prevalent in TM helix-helix interactions. One of the most well
characterized sequence motifs known to mediate helix oligomerization is the GxxxG motif.9,
19 As shown in Fig. 1B, the putative TMD of Na,K-β contains two tandem GxxxG sequences
(GxxxGxxxG), also known as a glycine zipper.20 Glycine zippers have been shown to strongly
drive TM helix oligomerization, hinting at the possibility that the glycine zipper face of Na,K-
β could form an interaction surface with other TMDs. However, the perfect glycine zipper is
not conserved in all Na,K-β subunits (see Supp Fig. 1). Nevertheless, further analysis revealed
that small residues are strongly preferred at the first position (44 has G, A, T or V), and also
at the second position (48 has only G or A). Large residues are common at the third position
(52 has G, I, L or F), but in all such cases, a small residue is found one position before it, placing
it on the same face of the putative helix. Small residues are known to be preferred in
transmembrane helix packing.21,22 Thus, in some cases Na,K-β has a perfect glycine zipper,
strongly implicated in helix-helix interactions, and in all cases, Na,K-β possesses a face of
small residues.

Strikingly, the face of Na,K-β opposite the glycine zipper is strongly conserved, suggesting
that this face may also play an important role in Na,K-ATPase structure or function (Fig. 1B).
The conserved residues are spaced in accordance with the heptad repeat, which is another
signature interaction motif found in TMD oligomerizations.16 Considering that the primary
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function of Na,K-β is to support the Na,K-ATPase enzyme activity, we hypothesized that this
heptad repeat motif might be involved in the interaction with Na,K-α.

Recent studies from our laboratory and others have shown that Na,K-β has dual functions: in
addition to its role in assisting Na,K-α , Na,K-β also functions as a cell adhesion molecule.4–
6 As the sequence analyses suggest that there could be two separate packing faces on the Na,K-
β TMD (see model in Fig. 1C), it is possible that the two faces are important for different
functions of Na,K-β . To test the two-face hypothesis, we designed mutations that would
presumably alter the TMD interactions of Na,K-β with Na,K-α (hetero-oligomerization), and
Na,K-β itself (homo-oligomerization).

Analysis of heptad repeat mutants of Na,K-β
To study the significance of the highly conserved heptad repeat motif within the Na,K-β TMD,
we generated two double mutants (Y39A/L46A and Y43A/F50A) targeting the conserved face
of the Na,K-β TMD. These mutants were tagged with GFP and expressed in MSV-MDCK
cells, which have very low levels of endogenous Na,K-β and Na,K-α .4 The Na,K-β-GFP fusion
protein migrated at the expected molecular mass (~81 kDa). As shown in Fig. 2A, both the
mutants were expressed at levels comparable to that of the wild-type (WT) GFP-tagged Na,K-
β (middle panel, compare lane 1 with lanes 2 and 3). The levels of Na,K-α were comparable
in all the three cell lines (top panel, compare lanes 1–3). It is known that Na,K-β interaction
with Na,K-α is essential for the transport of Na,K-α to the plasma membrane.1,23 We therefore
tested the levels of Na,K-α and Na,K-β on the plasma membrane by a cell surface biotinylation
assay. We observed that there was about 60% reduction in the cell surface levels of Na,K-β as
well as Na,K-α in cells expressing the Y43A/F50A mutant of Na,K-β compared to WT and
the Y39A/L46A mutant (Fig. 2B). Consistent with the reduced plasma membrane expression
of Na,K-α , we observed a 32 ± 5% reduction in the Na,K-ATPase enzyme activity as measured
by the ouabain-sensitive rubidium flux (Fig. 2C). These results indicated that Na,K-β TMD
mutants expressed similar total levels of Na,K-α , yet the cell surface expression of both Na,K-
α and Na,K-β , and the Na,K-ATPase enzyme activity were significantly reduced in the Y43A/
F50A mutant, suggesting that this mutation compromised Na,K-β interaction with Na,K-α.

Since Na,K-α and Na,K-β interactions are very stable and have been well documented by co-
immunoprecipitation analysis,2,24 we performed co-immunoprecipitation to determine if the
interaction between Na,K-α and the heptad repeat mutants of Na,K-β was affected. The total
amount of Na,K-α immunoprecipitated in cell lines expressing either Y39A/L46A or Y43A/
F50A mutants of Na,K-β was similar (Fig. 2D, top panel). However, there was approximately
78% reduction in the amount of GFP-tagged Y43A/F50A mutant of Na,K-β co-
immunoprecipitated with Na,K-α (Fig. 2D, middle panel). This was further confirmed by a
reverse co-immunoprecipitation experiment in which Na,K-β-GFP fusion protein was
immunoprecipitated with anti-GFP antibody and immunoblotted for Na,K-α . Distinctly the
amount of Na,K-α associated with Y43A/F50A mutant was reduced by nearly 57% in this
analysis (Fig. 2D, bottom panel). Taken together, these results demonstrated that Tyr43 and
Phe50 together, were critical for Na,K-β interaction with Na,K-α , and for Na,K-ATPase
enzyme activity. These results also suggested that mutations of these residues reduced transport
of Na,K-β as well as Na,K-α to the cell surface, and that Na,K-β also needed to bind to Na,K-
α to be expressed on the plasma membrane.

Analysis of a glycine zipper mutant of Na,K-β
Na,K-β TMD has a glycine zipper motif comprised of G44xxxG48xxxG52. We altered the
central G48 to disrupt the glycine zipper motif.20 The mutant, G48L, was expressed in MSV-
MDCK cells as a GFP fusion protein. The expression level of the G48L mutant of Na,K-β was
similar to that of WT Na,K-β (Fig. 3A). MSV-MDCK cells expressing either WT Na,K-β or
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the G48L mutant of Na,K-β also had similar levels of Na,K-α . Na,K-β G48L was not defective
in the interaction between Na,K-α as determined by co-immunoprecipitation analysis (Fig.
3B). Cell surface biotinylation assay (Fig. 3C) demonstrated that the surface expression of the
mutant Na,K-β was comparable to the levels of the WT. The cell surface levels of Na,K-α were
also similar in cells expressing either WT or mutant Na,K-β (Fig. 3C). The rubidium uptake
was not affected for this mutant, indicating that the pump was functioning at levels similar to
WT (Fig. 3D). These results confirmed that the glycine zipper is neither involved in the hetero-
oligomerization with Na,K-α nor in the modulation of Na,K-α function in the enzyme activity.

Na,K-β TMD oligomerizes in biological membranes
Since Na,K-β has cell-cell adhesion function, we reasoned that the glycine zipper motif is likely
involved in the TMD interactions of Na,K-β itself. To directly test for homo-oligomerization,
we used the TOXCAT assay, which investigates the association of transmembrane helices in
the context of the biological membrane.25 The TOXCAT system utilizes a chimeric protein
composed of the ToxR N-terminal transcriptional activation domain (ToxR’) fused to a
transmembrane segment of interest and a C-terminal periplasmic domain of Escherichia coli
maltose binding protein (MBP). The TMD mediated dimerization of the chimera in the E.
coli inner membrane causes ToxR’ dimerization, thereby driving transcriptional activation of
a reporter gene, chloramphenicol acetyltransferase (CAT) making the bacteria resistant to
chloramphenicol. The efficiency of the TMD interaction can be determined in two ways: either
by estimating the extent of acquired resistance to the antibiotic chloramphenicol in vivo or by
the direct quantification of chloramphenicol acetylation by CAT in vitro.

We generated chimeric constructs as described above, consisting of either WT Na,K-β TMD
or Na,K-β-G48L TMD and compared their oligomerization efficiencies. The disc diffusion
assay showed a two-fold increase in the diameter of the clear zone around the chloramphenicol
disc in G48L chimera compared to WT chimera (Fig. 4A, arrows), indicating that the mutant
reduces oligomerization. The diameter of the clear zone observed in WT and G48L mutant of
Na,K-β was similar to the diameter of the clear zone in WT and mutant TMD of Glycophorin
A (GpA) respectively. GpA is a well-characterized oligomer used in TOXCAT assays19. In
addition, this result was confirmed by a quantitative in vitro CAT assay (Fig. 4B). The CAT
activity of the TMD of Glycophorin A WT chimera was considered 100%. The GpA mutant
(G83I) showed negligible CAT activity. Na,K-β WT TM showed CAT activity higher than
GpA WT (108.0 ± 19.5%), whereas the CAT activity of the G48L Na,K-β was only 38.0 ±
9.8%. These results demonstrated that the TMD of Na,K-β required G48 for homo-
oligomerization within the bacterial membrane.

Analysis of cell aggregation for Na,K-β G48L mutant
The cell-cell adhesion function of epithelial cadherin (E-cadherin), a Ca2+-dependent cell
adhesion molecule, has been well characterized.26 E-cadherin, not only requires trans-
homodimerization but also requires cis-homodimerization for its cell adhesion function.27,
28 MSV-MDCK cells expressing WT Na,K-β aggregate due to cell-cell adhesion mediated by
Na,K-β ,4 whereas parental MSV-MDCK cells which express very low levels of Na,K-β do
not aggregate in vitro (Fig. 4C). Therefore, we tested whether the G48L mutant of Na,K-β that
failed to oligomerize within the bacterial plasma membrane, also show reduced cell-cell
aggregation in MSV-MDCK cells. We observed a 29.0 ± 6.5% decrease in the cell-cell
aggregation index of MSV-MDCK cells expressing G48L mutant compared to WT cells (Fig.
4C). The heptad repeat mutants of Na,K-β (Y39A/L46A and Y43A/F50A) had a minimal effect
on the cell-cell aggregation (Fig. 4C). Taken together, these results demonstrated that Na,K-
β laterally oligomerized within the membrane, and this interaction was involved in the cell-
cell adhesion function of this protein.
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Discussion
In this study, we have identified heptad repeat motif and glycine zipper motif in the TMD of
Na,K-β by structure prediction, motif identification and evolutionary analysis. We validated
our predictions by mutagenesis of critical residues within the motifs, and by analyzing the
mutants in specific functional assays. We demonstrated that the heptad repeat motif and the
glycine zipper motif are involved in two different interactions. Na,K-β interacts with Na,K-α
via the heptad repeat motif, and mutagenesis of two amino acids within the heptad repeat motif,
resulted in reduced binding to Na,K-α , and affected membrane targeting and consequently the
ion transport function of Na,K-ATPase. The glycine zipper motif is involved in the self-
association of Na,K-β , and the disruption of this motif by mutagenesis affected homo-
oligomerization in biological membranes as revealed by the TOXCAT assay, and Na,K-β
induced cell-cell aggregation. These results suggested that the TMD of Na,K-β not only
facilitates the ion transport function of Na,K-α, but is also involved in its role as a cell-cell
adhesion molecule.

The heptad repeat motif belongs to the leucine zipper type of side-chain packing similar to
certain soluble proteins, and is a commonly found TMD sequence motif that governs
interactions between two transmembrane proteins.16 The interacting residues form a repeated
heptad (abcdefg) pattern, wherein residues at a- and d- positions constitute the core of the
interfaces.29 Such heptad repeat motifs have been shown to form the interfaces of
phospholamban30 and cadherins.16 Breaking the heptad repeat interaction in a TMD is
expected to be difficult due to strong interactions among side chains and the high effective
concentration possible when restricted to a bilayer, so a single point mutation may be
insufficient to abolish binding. It was shown earlier in Xenopus oocytes that single or double
mutations in Y39 and Y43 residues within Na,K-β TMD did not alter the binding of Na,K-β
to Na,K-α, but these mutations had an additive effect on the transport properties of the Na,K-
α .31 We therefore introduced mutations in two different residues in a heptad repeat such that
they were separated by seven amino acids. Mutations closer to the bilayer core (Y43A/F50A)
disrupted the interactions between Na,K-α and Na,K-β . Mutations closer to the membrane
interface (Y39A/L46A) had a minimal effect on the interaction, however, suggesting that the
core region is more important in Na,K-β interaction with Na,K-α . Alternatively, the ‘a’
residues (Y43A/F50A) had an effect on the oligomerization, whereas the ‘d’ residues (Y39A/
L46A) had minimal effect, suggesting that the ‘a’ residues are more critical for the helix-helix
interface than the ‘d’ residues.

Na,K-β is known to interact with Na,K-α via different sites present throughout the protein.
These sites include, the cytoplasmic domain as shown by controlled proteolysis assays of Na,K-
β ,32 the membrane proximal region consisting of 63 amino acids as revealed by yeast two-
hybrid assays,33 and also the TMD as shown by oxidative cross-linking studies of fragments
of proteolyzed Na,K-ATPase.34,35 Although Na,K-β TMD was implicated in binding to Na,K-
α , our results for the first time show that disruption of the TMD interaction site within Na,K-
β dramatically affects its interaction with Na,K-α . The finding that the association of Na,K-
α to Na,K-β is drastically reduced by mutagenesis of Y43 and F50 indicates that the Na,K-β
TMD is critical for Na,K-α association, and disruption of this interaction site destabilizes other
potential associations between the two subunits.

Some Na,K-β TMDs have tandem GxxxG motifs (glycine zipper) and others have a mixture
of small residues on the face opposite from the heptad repeat motif. The GxxxG sequence motif
was the most commonly isolated motif in a screen of a randomized sequence library to identify
sequence patterns that can mediate high-affinity inter-helical associations.25 The GxxxG motif
is also found in a number of self-associating transmembrane proteins including glycophorin
A,36 receptor tyrosine kinases like ErbB,37 and integrins.38 The G48L mutation had no effect
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on the association of Na,K-β with Na,K-α which is consistent with the data obtained from a
triple glycine mutant of Na,K-β expressed in Xenopus oocytes.31 We found that the G48L
mutant disrupted homo-oligomerization of the TMD, and showed a reduced cell aggregation
index as compared to WT Na,K-β . The sequence conservation scoring data (Fig. 1B) indicated
that G48 is likely to be the most important of the three glycine residues in the zipper as only a
G or A was found at this position. It is interesting to note that the sequence variations of GxxxG
motifs among homologs are also found in other cell signaling receptors such as erbB and
integrins. This might explain the variations of binding affinities or changing interaction
partners, which are a characteristic of single pass cell membrane signaling receptor proteins.
Likewise, other functions of Na,K-β , such as cell adhesion, may be differentiated in the
different families, leading to consequent sequence divergence in the Na,K-β-β homo-
oligomeric interface.

Na,K-ATPase oligomer has been shown to consist of two Na,K-α and two Na,K-β molecules
based on molecular distance measurements.39 Whether the Na,K-β molecules involved in cell
adhesion are complexed with Na,K-α remains to be determined. However, the observation that
the heptad repeat mutant of Na,K-β (Y43A/F50A), that has reduced interaction with Na,K-α ,
exhibits cell aggregation index similar to WT Na,K-β , suggests that Na,K-β oligomerization
with Na,K-α is less likely involved in Na,K-β mediated cell adhesion.

Cell-cell adhesion involves interaction of the extracellular domains. E-cadherin, a well-defined
Ca2+-dependent cell adhesion molecule undergoes trans-homophilic interactions between two
molecules on neighboring cells. However, it is also known to form cis-dimers by lateral
interactions within the same cell membrane. It has been shown that the cis-dimerization is
required for the adhesive function of E-cadherin.27,28 Although E-cadherin TMD does not
have a GxxxG, it interacts via its TMD, and this interaction was found to be essential for E-
cadherin mediated adhesiveness.40 Thus, it is clear from studies with E-cadherin that both
trans-dimerization (mediated by the extracellular domain) and cis-dimerization (mediated by
its TMD) are essential for the cell adhesion function. Similarly, disruption of the lateral
oligomers of Na,K-β by G48L mutation reduced the cell-cell aggregation index but did not
completely abolish the aggregation, perhaps because of trans-dimerization mediated by the
extracellular domain of the Na,K-β . The mechanism of cell adhesion mediated by Na,K-β still
needs to be characterized, however.

Materials and Methods
Sequence conservation scoring

The program ConSeq (http://bioinfo.tau.ac.il/ConSeq,41) was used to map the sequence
conservation reflected in the multiple sequence alignment of human Na,K-β (Swiss-Prot
accession number P05026) with 34 representative sequence homologs. This server compares
the sequence of a reference protein with the proteins deposited in Swiss-Prot42 and finds the
ones that are homologous to the sequence. The number of PSI-BLAST iterations and the E-
value cutoff used were 1 and 0.001, respectively. All the sequences that were found to be
evolutionarily related with the human Na,K-β in the data set were used in the subsequent
conservation scoring. Briefly, the ConSeq server assigns relative conservation scores to each
residue, taking into account the evolutionary relationships among the family of homologs. The
scores are normalized such that the average score is zero, and negative and positive deviations
represent the degrees of conservation and variation, respectively.

Cell culture and plasmid construction
MSV-MDCK cells (DoCl1) from American Type Culture Collection (Manassas, VA) were
cultured in DMEM supplemented with 10% fetal bovine serum, 1 mM L-glutamine, 100 U/ml
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penicillin and 100 μg/ml streptomycin. Canine Na,K-β cDNA obtained from Dr. Robert Farley
(University of Southern California, Los Angeles, CA) was sub-cloned into pEGFP vector
(Clontech, Palo Alto, CA) as described previously,7 to yield a fusion protein with GFP at the
C-terminus (Na,K-β-GFP). Point mutations were introduced in Na,K-β-GFP by using a
QuikChange mutagenesis kit (Stratagene, La Jolla, CA) following manufacturer’s protocol.
The sequences of the mutants were confirmed by DNA sequencing. These GFP-fusion
constructs were stably transfected into MSV-MDCK cells followed by the sorting of GFP-
positive cells by using fluorescence activated cell sorting.

The vector for TOXCAT assay (pccKAN), glycophorin A (GpA) WT and G83I mutant were
kindly provided by Dr. Donald M. Engelman (Yale University, New Haven, CT). Na,K-β TMD
(WT- consisting of amino acids 35–60) was cloned into pccKAN using specific
oligonucleotides to generate a chimera consisting of an N-terminal DNA binding domain of
ToxR, Na,K-β TMD, and the periplasmic maltose binding protein (MBP). The presence of
MBP in the periplasm was confirmed by growth on minimal maltose media. The G48L
mutation was introduced within the Na,K-β TMD using the QuikChange mutagenesis kit.

Antibodies
Mouse monoclonal antibodies (mAbs) raised against Na,K-α (M7-PB-E9 for immunoblotting
and M8- for immunoprecipitation) and Na,K-β (M17-P5-F11) have been described previously.
4 Anti-actin mAb, anti-GFP mAb, and horseradish peroxidase (HRP)-anti-mouse antibody was
purchased from Sigma-Aldrich (St. Louis, MO), Zymed Laboratories (San Francisco, CA),
and Transduction Laboratories (Lexington, KY) respectively.

Immunoblotting and immunoprecipitation
Cells were lysed in a lysis buffer containing 20 mM Tris-HCl, pH 7.4, 100 mM NaCl, 1%
Triton X-100, 1 mM EDTA, 1 mM EGTA, 1 mM sodium glycerolphosphate, 1 mM sodium
orthovanadate, 1 mM PMSF, and 5 μg/ml each of antipain, leupeptin, and pepstatin. The lysates
were sonicated, and clarified by centrifugation at 13,000 rpm for 10 min at 4°C. Total protein
was estimated from the supernatants using the Bio-Rad DC reagent (Bio-Rad, Hercules, CA)
as per manufacturer's instructions. Lysates corresponding to equal amounts of total protein
were used. For immunoprecipitation, lysates were incubated on a rotator overnight with
antibody bound to protein A agarose beads at 4°C. The proteins bound to the beads were
collected by centrifugation and washed thrice with lysis buffer, separated by SDS-PAGE and
transferred to nitrocellulose membrane (Schleicher & Schuell, Keene, NH). Immunoblotting
was performed using a primary antibody, and HRP-conjugated secondary antibody diluted in
tris-buffered saline containing 5% non-fat dried milk and 0.1% Tween20. The proteins were
detected by using the enhanced chemiluminescence lighting system according to the
manufacturer's recommendations (PerkinElmer Life and Analytical Sciences, Boston, MA).

Cell surface biotinylation
Cell surface biotinylation was performed as described previously,4,43 by using 0.5 μg/ml
membrane-impermeable EZ-Link Sulfo-NHS-Biotin (Pierce, Rockford, IL). The cells were
lysed in 150 mM NaCl, 20 mM Tris pH 8, 5 mM EDTA, 1% Triton X-100, 0.1% bovine serum
albumin (BSA), 1 mM PMSF, 5 μg/ml each of antipain, leupeptin, pepstatin. Lysate
precipitated for 16 h at 4°C with 30 μl of Ultralink streptavidin beads (Pierce). The precipitates
were washed, loaded on a gel, and immunoblotted as described above).

Rubidium transport assay
The ouabain-sensitive ion transport was measured by determining the uptake of86Rb+ as
described earlier.4,44 To measure the ouabain-sensitive86Rb+ transport, the cells were
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incubated with 50 μM ouabain (Sigma-Aldrich) for 30 min at 37°C before the experiment. The
samples were normalized to the protein content and the ouabain-sensitive Rb flux was
calculated. The data are presented as mean ± SE from three independent experiments done in
triplicates.

Cell aggregation assay
Cells were washed briefly in PBS and trypsinized with 0.05% trypsin/1 mM CaCl2 to obtain
single cells. Cells (200,000) in culture medium were plated on 60-mm Petri dishes coated with
1% agarose and incubated on a gyratory shaker at 37°C, 5% CO2. After 16 h single cells were
counted. The cell aggregation data are represented by the index (N0 − Nt)/N0 where Nt is the
single cell number after the incubation time t and N0 is the cell number at the initiation of
incubation.

Disk diffusion assay
Disk diffusion assay was performed as described previously.19 Briefly, a Whatman 3MM filter
paper disk (2.4 cm diameter) was soaked with 60 μl of 90 mg/ml chloramphenicol in ethanol,
air-dried and was placed in the center of a LB/Amp agar plate. MM39 cells were electroporated
with Mal-Na,K-β (WT-TM)-ToxR or Mal-NamK-β (G48L-TM)-ToxR chimeric constructs
and grown to an OD600 of 0.6, diluted 6× with LB medium, and plated on 20 ml of LB/Amp
agar plates. The plates were incubated O/N at 37 ° C and the diameter of the clear zone of
inhibition of growth around the disk was measured.

CAT assays
MM39 cells electroporated with the two chimeric constructs described above were grown to
OD600 of 0.6. 200 μl of this culture was pelleted, resuspended in 0.5 ml of 100 mM Tris·HCl,
pH 8.0, and lysed by addition of 20 μl of 100 mM EDTA, 100 mM DTT, 50 mM Tris·HCl, pH
8.0, and a small drop of toluene at 30°C for 30 min. CAT assays were performed on the cell-
free extracts by using Promega CAT Enzyme Assay System.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Chloramphenicol acetyltransferase
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Glycophorin A

MBP  
maltose binding protein, Na,K-α, Na,K-ATPase α-subunit

Na  
K-β, Na,K-ATPase β-subunit

TMD  
transmembrane domain
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Figure 1.
Two faces of the TMD of Na,K-β . (A) Linear arrangements of Na,K-β include cytoplasmic
(Cyt), transmembrane (TM) and extra cellular domains. (B) Sequence conservation scoring
calculated from Conseq using the multiple sequence alignments of Na,K-β . The residue variety
at each position in the aligned sequence is shown above the Na,K-β TMD sequence.
Structurally or functionally important residues are usually conserved through evolution. The
conservation scores are a relative measure of evolutionary conservation at each sequence site
of Na,K-β . The lower score represents the more conserved position in a protein. Well-
conserved heptad repeats are indicated with diamonds and the potential homo-oligomeric motif
(GxxxGxxxG) is green colored. (C) Wheel representation shows two distinct faces of Na,K-
β TMD sequences. Heptad repeat residues (left) are yellow colored and the GxxxGxxxG motif
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(right) is green colored. The model represents the TMD interactions of Na,K-β with Na,K-α
(hetero-oligomerization) and Na,K-β itself (homo-oligomerization).
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Figure 2.
Characterization of heptad repeat mutants of Na,K-β . (A) Immunoblots showing levels of
Na,K-α , Na,K-β and actin (loading control) from 100 μg of total cell lysates of MSV-MDCK
cells expressing Na,K-β-GFP (WT), Y39A/L46A or Y43A/F50A mutants. (B) Cell surface
biotinylation assay of WT, Y39A/Y46A and Y43A/F50A cells. Lysates from cells labeled with
biotin were immunoprecipitated using streptavidin-conjugated agarose beads and
immunoblotted with anti-Na,K-α or anti-Na,K-β antibodies. The graph represents the mean
from three independent experiments. The error bars denote SE of the mean. (C) Ouabain-
sensitive rubidium flux of the above-mentioned cell lines expressed as a percentage of Na,K-
β-GFP (WT), which was considered to be 100%. The error bars represent the SE of the mean.
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(D) MSV-MDCK cells expressing Y39A/L46A or Y43A/F50A mutants of Na,K-β were lysed
and immunoprecipitated with either anti-Na,K-α or anti-GFP antibodies and immunoblotted
with the indicated antibodies. IgG represents control immunoprecipitation with isotype
matched irrelevant IgG from lysates of Y39A/L46A cells blotted similarly with indicated
antibodies. The specific Na,K-α band is denoted by an asterisk.
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Figure 3.
Characterization of G48L mutant of Na,K-β . (A) Immunoblots showing the levels of Na,K-
α , Na,K-β and actin (loading control) in WT and G48L cells. (B) Co-immunoprecipitation
assay showing the amount of GFP-tagged Na,K-β pulled down by Na,K-α in cells expressing
either Na,K-β WT or the G48L mutant. IgG represents control immunoprecipitation with
isotype matched irrelevant IgG from lysates of WT cells and blotted with anti-GFP antibody.
(C) Cell surface biotinylation assay showing the levels of Na,K-α and Na,K-β on the plasma
membrane in WT and G48L cells. The graph represents the quantifications of the blot from
three independent experiments. The error bars denote the SE of the mean. (D) Ouabain-
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sensitive rubidium uptake of WT and G48L cells expressed as a percentage of Na,K-β-GFP
(WT).

Barwe et al. Page 17

J Mol Biol. Author manuscript; available in PMC 2008 July 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
G48L mutant of Na,K-β does not self-associate and has reduced cell aggregation. (A) Disk
diffusion assay of MM39 cells expressing chimeric constructs carrying either WT or mutant
Na,K-β or Glycophorin A (GpA). Pictures of representative plates are shown for reference.
The graph shows the diameter of the zone of cell inhibition in MM39 cells expressing various
chimeras. The error bars denote SE of the mean from three independent experiments. (B)
TOXCAT assay showing the amount of CAT activity from MM39 cells expressing different
chimeras. The error bars denote SE of the mean from triplicates of two independent
experiments. (C) Cell aggregation assay of the parental MSV-MDCK cells and those
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expressing Na,K-β WT or mutants. The error bars denote the SE of the mean of three
independent experiments done in triplicates.
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