
Diverse Pathways for Maturation of the Na,K-ATPase �1 and
�2 Subunits in the Endoplasmic Reticulum of Madin-Darby
Canine Kidney Cells*

Received for publication, August 5, 2010, and in revised form, October 5, 2010 Published, JBC Papers in Press, October 11, 2010, DOI 10.1074/jbc.M110.172858

Elmira Tokhtaeva, George Sachs, and Olga Vagin1

From the Department of Physiology, School of Medicine, UCLA and Veterans Affairs Greater Los Angeles Health Care System,
Los Angeles, California 90073

Proper folding of the Na,K-ATPase � subunits followed by
assembly with the � subunits is necessary for their export from
the endoplasmic reticulum (ER). Here we examine roles of the
ER lectin chaperone, calnexin, and non-lectin chaperone, BiP,
in folding and quality control of the �1 and �2 subunits in Ma-
din-Darby canine kidney cells. Short term prevention of gly-
can-calnexin interactions by castanospermine slightly in-
creases ER retention of �1, suggesting minor involvement of
calnexin in subunit folding. However, both prolonged incuba-
tion with castanospermine and removal of N-glycosylation
sites do not affect the �1-assembly or trafficking of �1 but in-
crease the amount of the �1-bound BiP, showing that BiP can
compensate for calnexin in assisting �1 folding. In contrast to
�1, prevention of either N-glycosylation or glycan-calnexin
interactions abolishes the �1-assembly and export of �2 from
the ER despite increased �2-BiP binding. Mutations in the �1-
interacting regions of �1 and �2 subunits impair �1 assembly
but do not affect folding of the � subunits tested by their sensi-
tivity to trypsin. At the same time, these mutations increase
the amount of �-bound BiP but not of �-bound calnexin and
increase ER retention of both �-isoforms. BiP, therefore, pre-
vents the ER export of folded but �1-unassembled � subunits.
These �1-unassembled � subunits are degraded faster than
�1-bound � subunits, preventing ER overload. In conclusion,
folding of the �1 and �2 subunits is assisted predominantly by
BiP and calnexin, respectively. Folded �1 and �2 either assem-
ble with �1 or bind BiP. The �1-bound � subunits traffic to the
Golgi, whereas BiP-bound � subunits are retained and de-
graded in the ER.

Recent studies have shown that N-glycans of newly synthe-
sized glycoproteins serve as recognition tags for the ER2 lectin
chaperones, which assist maturation of these proteins (1–3).
Calnexin and UGGT1 (UDP-glucose glycoprotein glucosyl-
transferase 1) are the two key components of the ER lectin
quality control systems. Calnexin binding facilitates co-trans-
lational protein folding with help from folding enzymes (1, 3).

Many proteins complete their folding program at this point.
The properly folded molecules are then exported to the Golgi,
whereas terminally misfolded conformers are retained and
later degraded. However, other proteins require additional
rounds of calnexin-assisted folding to achieve their native
conformation. UGGT1 acts as a conformation sensor by re-
glucosylating incompletely folded glycoproteins and targeting
them to additional cycles of calnexin-assisted refolding (1, 3).
VIP36 (vesicular integral membrane protein) and ERGIC53
(ER-Golgi intermediate compartment) assist export of the
properly folded glycoproteins from the ER to the Golgi. Other
lectins, including EDEM-1 (ER degradation enhancer, manno-
sidase �-like 1), target terminally misfolded glycoproteins to
ER-associated degradation (4).
N-Glycans are added co-translationally to the asparagines

of N-glycosylation sites of nascent glycoproteins. Immediately
after covalent linkage of the N-glycan, which initially contains
14-monosaccharide residues, the ER enzymes start trimming
this structure by sequential removal of three glucose resides
by glucosidases I and II, followed by removal of up to four
mannose residues by the ER mannosidase I (2, 4). Trimming
of mannose residues can be delayed by UGGT1 when it adds
back a glucose residue to deglucosylated N-glycans, thus pro-
moting repeated cycles of deglucosylation and reglucosylation
of N-glycans (3, 5–7). Each step of N-glycan modification in
the ER results in specific recognition of the N-glycan struc-
ture by a particular ER lectin (8). For example, the monoglu-
cosylated N-glycans have a high affinity for calnexin, whereas
deglucosylated N-glycans bind UGGT1. The coupling of each
N-glycan modification reaction to recognition by a particular
lectin establishes a strict order of lectin-assisted steps of pro-
tein folding and quality control. As a result, only native con-
formers and, in the case of proteins with several subunits,
only properly assembled oligomers exit the ER and reach their
final destinations.
In addition to lectin chaperones, the ER also contains vari-

ety of non-lectin chaperones, such as heat shock protein ho-
mologues (1, 9). These chaperones assist maturation of non-
glycosylated proteins synthesized in the ER and also compete
with lectin chaperones for binding to newly synthesized gly-
coproteins. A central player in the non-lectin chaperone sys-
tem is GRP78 (BiP) (9, 10). This is the most abundant ER
chaperone. BiP has multiple functions. It assists translocation
of the nascent chains into the ER lumen, acting as a molecular
ratchet (11). BiP also enables co-translational folding of nas-
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cent proteins by recruiting protein-disulfide isomerases and
peptidyl-prolyl cis-trans isomerases (12). BiP binds properly
folded subunits of multisubunit proteins to prevent their early
exit from the ER prior to full assembly of an oligomeric com-
plex (1, 13). BiP can also bind to terminally misfolded proteins
and facilitate their disposal (1). Thus, BiP binds to nascent,
incompletely folded, properly folded, and terminally mis-
folded proteins. The specificity of BiP binding to a particular
form is determined by accessory co-chaperones, such as ERdjs
(9, 14, 15).
The Na,K-ATPase is an essential transport enzyme ex-

pressed in all animal tissues, where it generates ion gradients
to maintain membrane potential and drive transport of other
solutes. In addition to pumping ions, the Na,K-ATPase is im-
portant in signal transduction (16, 17), intercellular adhesion
and cell migration (18–22). The minimal functional unit of
the Na,K-ATPase consists of a catalytic � subunit and an N-
glycosylated � subunit, which is required for maturation and
membrane targeting of the enzyme. There are four isoforms
of the Na,K-ATPase � subunit (�1, �2, �3, and �4) and three
isoforms of the Na,K-ATPase � subunit (�1, �2, and �3) (23,
24). N-Glycans and their interaction with the ER lectin chap-
erone, calnexin, are essential for maturation of the �2 subunit,
which has eight N-glycans, but not of the �1 subunit, which
has only three N-glycans. Either removal of N-glycosylation
sites or prevention of glycan-calnexin interactions abolishes
�-assembly and export of the �2, but not of the �1 subunit,
from the ER in renal MDCK cells (25).
In their proper conformation, both �1 and �2 subunits as-

semble with the � subunit, which allows the export of the �-�
complexes from the ER to the Golgi and delivery to the
plasma membrane (26–28). Various Na,K-ATPase � subunit
isoforms are retained in the ER when not assembled with any
of the � subunits (22, 29, 30). Also, �-unassembled � subunits
are retained in the ER in amphibian and mammalian cells; the
�1 subunit is retained in Xenopus oocytes and MDCK cells
(26, 28); the �2 subunit is retained in MDCK cells (28); and
the �3 subunit is retained in Xenopus oocytes (27). Thus, only
functional �-� complexes are exported from the ER. Accord-
ingly, the � and � subunits are present in equimolar amounts
not only in purified Na,K-ATPase preparations (31–34) but
also in the plasma membrane fractions (35, 36) or total micro-
somal membrane fractions (37–40) isolated from various
cells. Further, when the ratio between newly synthesized �
and � subunits is changed by overexpression of additional �
subunits in MDCK cells, only the �-� complexes assembled at
1:1 stoichiometry reach the plasma membrane, whereas the
�-unassembled � subunits are retained in the ER and rapidly
degraded (28).
Although these data provide insight into the mechanism of

maturation of the Na,K-ATPase, they also raise additional
questions. First, it is not known which ER chaperone(s) are
responsible for folding of the �1 subunit. The relative insignif-
icance of N-glycosylation for maturation of the �1 subunit
suggests involvement of non-lectin chaperone(s) in its folding
in the ER. Second, it is not clear how the ER quality control
system ensures that only the assembled �-� Na,K-ATPase is
delivered to the plasma membrane. Earlier studies suggested

that the ER chaperones, BiP and calnexin, are involved in the
ER retention of �1, �1, and �3 subunits in Xenopus oocytes
(41–43). However, the mechanism of the ER retention of un-
assembled Na,K-ATPase subunits in mammalian cells has not
been studied.
In the present study, we used renal MDCK cells as an ex-

pression system to study interactions of YFP-linked �1 and �2
subunit isoforms of the Na,K-ATPase (YFP-�1 and YFP-�2)
with calnexin, BiP and the endogenous �1 subunit by co-im-
munoprecipitation. We also monitored trafficking of YFP-
linked subunits by confocal microscopy and analyzed the na-
ture of N-linked glycans of the subunits to determine their
localization either in the ER or in the post-ER compartments.
The results show that, in contrast to the �2 subunit, which
requires prolonged interaction with calnexin to achieve its
�-assembly-competent conformation, the �1 subunit under-
goes rapid maturation that is mainly assisted by BiP. Consis-
tent with distinct preferences for the major ER chaperones,
the two subunits differentially respond to the ER stress. Fur-
ther, the data show that binding to BiP, but not to calnexin,
prevents premature export of properly folded but �-unas-
sembled �1 and �2 subunits from the ER.

EXPERIMENTAL PROCEDURES

Construction of MDCK Stable Cell Lines—The YFP-linked
rat �1 or human �2 subunits of the Na,K-ATPase and their
mutants were constructed as described previously (20, 25).
Stable MDCK cell lines expressing wild type and mutated
YFP-�1 and YFP-�2 were obtained as described previously
(44).
Cell Culture—Cells were grown in DMEMmedium (Cell-

gro Mediatech) containing 4.5 g/liter glucose, 2 mM L-gluta-
mine, 8 mg/liter phenol red, 100 units/ml penicillin, 0.1
mg/ml streptomycin, and 10% FBS unless specified otherwise.
Confocal Microscopy—Confocal microscopy images were

acquired using the Zeiss LSM 510 laser-scanning confocal
microscope and LSM 510 software, version 3.2.
Primary Antibodies—The following monoclonal antibodies

were used for immunoprecipitation and/or Western blot
analysis: against the Na,K-ATPase �1 subunit, clone C464.6
(Millipore); against GFP, clones 7.1 and 13.1, which also rec-
ognizes YFP (Roche Applied Science); and against the Na,K-
ATPase �1 subunit, clone M17-P5-F11 (Affinity Bioreagents).
Also, polyclonal antibodies against the Na,K-ATPase �1 sub-
unit (Cell Signaling), against calnexin (Abcam), against BiP
(Abcam), and against GFP, which also recognizes YFP (Clon-
tech), were used.
Immunofluorescent Staining of MDCK Cells—Cells were

fixed by incubation with 3.75% formaldehyde, which was pre-
pared by diluting formalin in PBS, for 15 min at 37 °C. After
three consecutive washes in PBS, 5 min each, cells were per-
meabilized by incubation with 0.1% Triton X-100 for 5 min.
Then cells were incubated with Dako protein block serum-
free solution (Dako Corp.) for 30 min. Immunostaining of the
Na,K-ATPase �1 subunit was performed by 1-h incubation
with the monoclonal antibody against the Na,K-ATPase �1
subunit followed by a 1-h incubation with Alexa633-conju-
gated anti-mouse (Invitrogen).
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Transient Transfection of MDCK Cells with the Fluorescent
Marker of the ER—Cells grown on glass bottom microwell
dishes (MatTek Corp.) were transfected with the plasmid en-
coding a fusion protein between Discosoma sp. red fluores-
cent protein and the marker of the ER, DsRed2-ER (Clontech)
using the Lipofectamine 2000 transfection reagent (Invitro-
gen) according to the manufacturer’s instructions. Confocal
microscopy images of transfected cells were acquired 24–48
h after transfection.
Immunoprecipitation—Monolayers of MDCK cells grown

in two or three 35-mm2 wells of a 6-well plate were rinsed
twice with ice-cold PBS and lysed by incubation with 200 �l/
well 150 mM NaCl in 50 mM Tris, pH 7.5, containing 1% Non-
idet P-40, 0.5% sodium deoxycholate, and Complete protease
inhibitor mixture (1 tablet/50 ml) (Roche Applied Science).
Cell extracts were clarified by centrifugation (15,000 � g, 10
min) at 4 °C. Then the cell extracts were incubated with 50 �l
of the protein A-agarose or protein G-agarose suspension
(Roche Applied Science) in a total volume of 1 ml of the lysis
buffer at 4 °C with continuous rotation for at least 3 h (or
overnight) to remove the components that nonspecifically
bind to protein A or G. Protein A was used when immunopre-
cipitation was performed by using polyclonal antibodies
against the Na,K-ATPase �1 subunit (Cell Signaling), whereas
protein G was used when immunoprecipitation was per-
formed by using monoclonal antibodies against GFP/YFP
(Roche Applied Science) or against the Na,K-ATPase �1 sub-
unit (Millipore). Precleared supernatant was mixed with 20 �l
of the polyclonal antibodies against the Na,K-ATPase �1 sub-
unit, 2 �l of the monoclonal antibodies against the Na,K-
ATPase �1 subunit, or 3 �l of the monoclonal antibodies
against GFP/YFP and incubated with continuous rotation at
4 °C for 60 min. After the addition of 50 �l of the protein A-
agarose or protein G-agarose suspension, the mixture was
incubated at 4 °C with continuous rotation overnight. The
bead-adherent complexes were washed on the beads first with
the lysis buffer and then with 500 mM NaCl in 50 mM Tris, pH
7.5, containing 0.1% Nonidet P40 and 0.05% sodium deoxy-
cholate and finally with 10 mM Tris, pH 7.5, containing 0.1%
Nonidet P-40 and 0.05% sodium deoxycholate. The bead-ad-
herent complexes obtained from two or three wells were col-
lected in one tube, and then proteins were eluted from the
beads by incubation in 80–120 �l of SDS-PAGE sample
buffer (4% SDS, 0.05% bromphenol blue, 20% glycerol, 1%
�-mercaptoethanol in 0.1 M Tris, pH 6.8) for 5 min at 80 °C.
Proteins eluted from the beads were separated by SDS-PAGE
and analyzed by Western blot to detect immunoprecipitated
and co-immunoprecipitated proteins. Proteins immunopre-
cipitated by the rabbit polyclonal antibody against the Na,K-
ATPase �1 subunit were analyzed by using mouse monoclonal
antibodies against the Na,K-ATPase �1 subunit and against
GFP/YFP. Proteins immunoprecipitated by the mouse mono-
clonal antibodies against the Na,K-ATPase �1 subunit were
analyzed by using rabbit polyclonal antibodies against BiP.
Proteins immunoprecipitated by the mouse monoclonal anti-
bodies against GFP/YFP were analyzed by using rabbit poly-
clonal antibodies against GFP/YFP, against the Na,K-ATPase
�1 subunit, against BiP, and against calnexin.

Western Blot Analysis of the Total and Immunoprecipitated
Proteins of MDCK Cells—Samples containing 5–20 �l of the
MDCK cell extract mixed with the equal volume of SDS-
PAGE sample buffer or 10–30 �l of proteins eluted from the
protein A/G-conjugated agarose beads were loaded onto
4–12% gradient SDS-polyacrylamide gels (Invitrogen). Pro-
teins were separated by SDS-PAGE using MES/SDS running
buffer (0.05 M MES, 0.05 M Tris base, 0.1% SDS, and 1 mM

EDTA, pH 7.3), transferred onto a nitrocellulose membrane
(Bio-Rad), and detected by Western blot analysis using the
appropriate primary antibody and the anti-mouse or anti-
rabbit secondary antibody conjugated to alkaline phosphatase
(Promega) or horseradish peroxidase (American Qualex). Al-
kaline phosphatase was detected using nitro blue tetrazolium
and 5-bromo-4-chloro-3-indolyl phosphate in alkaline phos-
phatase buffer (150 mM NaCl, 1 mM MgCl2 in 10 mM Tris-
HCl, pH 9.0). Horseradish peroxidase was detected by using a
chemiluminescent Western blotting substrate (Pierce). Im-
munoblots were quantified by densitometry using Zeiss LSM
510 software, version 3.2.
Trypsin Digestion—Susceptibility of the mutated and wild

type Na,K-ATPase � subunits to limited tryptic digestion was
used to assess the effect of mutations on correct folding of the
subunit. In order to prevent heterogeneity in N-glycan sizes,
cells were treated with 100 �g/ml deoxymannojirimycin, an
�-mannosidase 1 inhibitor, for 48 h prior to the trypsin digest
experiment. Deoxymannojirimycin prevents synthesis of both
complex- and hybrid type N-linked oligosaccharide chains; as
a result, all newly synthesized N-glycans become high man-
nose type. Incubation with the inhibitor for 48 h was found to
be sufficient to replace the vast majority of the existing YFP-
linked � subunits by the newly synthesized high mannose type
glycosylated forms of the subunits.
The monolayers of deoxymannojirimycin-treated cells were

rinsed twice with ice-cold PBS and lysed by incubation with
200 �l of 150 mM NaCl in 50 mM Tris, pH 7.5, containing 1%
Nonidet P-40 and 0.5% sodium deoxycholate. Protein concen-
tration in cell lysates was determined using the BCA assay kit
(Pierce) and adjusted to 3 mg/ml. Cell lysates were incubated
with trypsin, which was added in the range of 0–3 �g/ml as
indicated at 37 °C for 30 min. The reaction was stopped by the
addition of 20 �g/ml trypsin inhibitor (Sigma-Aldrich) and
incubation of samples on ice for 10 min. Then samples con-
taining 20 �l of reaction mixture combined with 20 �l of
SDS-PAGE sample buffer were incubated at 80 °C for 5 min,
subjected to 4–12% SDS-PAGE, and analyzed by Western
blotting using a monoclonal anti-YFP antibody.
Biotinylation of Basolateral Plasma Membrane Proteins of

MDCK Cells to Determine the Rate of Degradation of the Ma-
ture Na,K-ATPase Subunits—Cells were maintained for 6
days after becoming confluent in transwell inserts. Biotinyla-
tion of surface proteins was performed according to proce-
dures described previously (45, 46). Cell monolayers were
biotinylated with EZ-LinkTM sulfosuccinimidyl 2-(biotinamido)-
ethyl-1,3-dithiopropionate (Pierce), which was added into the
well only (basolateral surface of the tight cell monolayers).
After quenching the biotinylation reaction, cells were washed
on ice, incubated at 37 °C for the indicated periods of time,

Chaperone-assisted Maturation of the Na,K-ATPase � Subunits

DECEMBER 10, 2010 • VOLUME 285 • NUMBER 50 JOURNAL OF BIOLOGICAL CHEMISTRY 39291



and then lysed by incubation with 200 �l of 0.15 M NaCl in 15
mM Tris, pH 8.0, with 1% Triton X-100 and 4 mM EGTA. Cell
extracts were clarified by centrifugation (15,000 � g, 10 min)
at 4 °C. To isolate surface-biotinylated proteins, the cell ex-
tract was incubated with 100 �l of streptavidin-agarose beads
(Sigma-Aldrich) in a total volume of 1 ml of 0.15 M NaCl in 15
mM Tris, pH 8.0, with 0.5% Triton X-100 and 4 mM EGTA at
4 °C with continuous rotation for 60 min. The bead-adherent
complexes were washed three times on the beads, and then
proteins were eluted from the beads by incubation in 40 �l of
SDS-PAGE sample buffer for 5 min at 80 °C and further ana-
lyzed by SDS-PAGE and immunoblotting.
Statistical Analysis—Statistical analysis was performed us-

ing Student’s t test (GraphPad Prism 4 software and Microsoft
Excel). Statistical significance is specified in the figure
legends.

RESULTS

The �2 and �1 Subunits Discriminate between Different ER
Chaperones—Glycan-calnexin interactions are essential for
maturation of the Na,K-ATPase �2 subunit but not of the �1
subunit (25). To determine whether the �1 subunit employs a
non-lectin chaperone system for its maturation in the ER, we

evaluated its binding to BiP, using the co-immunoprecipita-
tion technique. Both YFP-�1 and YFP-�2 immunoprecipitated
from corresponding cell lysates using a monoclonal antibody
against YFP were detected on SDS-PAGE as two bands (Fig.
1A, bottom). The lower bands represent the high mannose
type glycosylated forms, which reside exclusively in the ER
(28). The ER form of YFP-�1 migrated faster than the ER form
of YFP-�2, consistent with the presence of three N-glycans in
the �1 subunit (47) and eight N-glycans in the �2 subunit (25).
The top bands represent the complex type glycosylated forms,
which are formed due to the action of the Golgi-resident en-
zymes and are located predominantly in the plasma mem-
brane (28). These plasma membrane forms of both YFP-�1

and YFP-�2 ran more slowly than their corresponding ER
forms in SDS-PAGE, reflecting the increase in N-glycan size
due to elongation and branching by the Golgi-resident glyco-
sidases. If this increase in size were the same for each N-gly-
can of the two subunits, the difference in the gel mobility of
the plasma membrane and ER forms would be greater for
YFP-�2 (eight N-glycans) than for YFP-�1 (three N-gly-
cans). However, this difference is even smaller in YFP-�2

than in YFP-�1 (Fig. 1), indicating that, on average, N-gly-

FIGURE 1. YFP-�1 and YFP-�2 preferentially interact with different ER chaperones. A, an anti-YFP antibody precipitates YFP-�1 and YFP-�2 (bottom) and
co-precipitates BiP (middle) and calnexin (top) from the whole lysates of the YFP-�1- and YFP-�2-expressing cells (lanes 2 and 3) but not from the cell lysates
of non-transfected MDCK cells (lane 1). B, densitometry quantification of the results shown in A. C, an anti-Na,K-ATPase �1 antibody precipitates the �1 sub-
unit (top) and co-precipitates BiP (middle) from the whole lysates of the YFP-�1- and YFP-�2-expressing cells (lanes 2 and 3). No bands are detected in a neg-
ative control sample containing all of the components used for immunoprecipitation except for cell lysate (lane 1). Error bars, � S.D. (n � 3); *, significant
difference from YFP-�2; **, significant difference from YFP-�1; p � 0.001, Student’s t test. IP ab, antibody used for immunoprecipitation; NT, non-transfected
MDCK cells; PM, plasma membrane.
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cans of the �2 subunit undergo less elongation and branch-
ing in the Golgi of MDCK cells than the N-glycans of the
�1 subunit.
Both YFP-�1 and YFP-�2 co-precipitated BiP (Fig. 1A, bot-

tom andmiddle). To compare the amounts of BiP bound to
two subunits, we normalized the BiP signal to the YFP signal
of the ER forms of YFP-�1 or YFP-�2 because the ER chaper-
one BiP can only bind to the ER forms of YFP-�. Quantifica-
tion showed that the amount of YFP-�1-bound BiP was about
3-fold greater than the amount of YFP-�2-bound BiP (Fig.
1B). In agreement with previously published results (25),
Western blot analysis of the same immunoprecipitated frac-
tions using a polyclonal anti-calnexin antibody followed by
the same normalizing procedure showed that the amount of
YFP-�2-bound calnexin was 6-fold greater than the amount of
YFP-�1-bound calnexin (Fig. 1, A (bottom and top, lanes 2 and
3) and B). BiP also co-immunoprecipitated with the Na,K-
ATPase �1 subunit in both YFP-�1- and YFP-�2-expressing
cells (Fig. 1C).
The Loss of N-Glycan-Calnexin Interactions Is Compensated

for by Increased BiP Binding to the �1 Subunit—Removal of all
three N-glycans from the �1 subunit did not affect its delivery
to the plasma membrane in MDCK cells (20, 25, 48) (Fig. 2A,
a and b). Paradoxically, cell incubation with the glucosidase
inhibitor castanospermine, which blocks removal of the out-
ermost glucose residue from N-glycans, preventing their in-
teraction with calnexin, resulted in partial retention of the

YFP-linked �1 subunit in the ER (25). Time lapse confocal
microscopy of YFP-�1-expressing cells showed that the maxi-
mal ER retention of YFP-�1 was reached after 20 h of cell in-
cubation with castanospermine (Fig. 2A, c). This intracellular
retention gradually decreased after further incubation with
the inhibitor (Fig. 2A, d and e). After 64 h, the majority of
YFP-�1 was seen in the lateral membrane of MDCK cells, as
in the control cells (Fig. 2A, b and e). After 72 h of cell incuba-
tion with castanospermine, cells started detaching from the
surface (not shown).
Prolonged cell incubation with castanospermine up-regu-

lated expression of a non-lectin chaperone, BiP, that in-
creased by about 3-fold in total cell lysate (Fig. 2B, lanes 5 and
6). The amount of YFP-�1-bound BiP increased 2.5-fold (Fig.
2, B (lanes 3 and 4) and C). Similarly, a 3-fold increase in BiP
immunoprecipitation was found due to mutation of all thee
N-glycosylation sites in YFP-�1 (Fig. 2, B (lanes 1 and 2) and
C). Thus, the lack of interaction of calnexin with the N-gly-
cans of the �1 subunit, either due to the removal of N-glycosy-
lation sites in the subunit or due to the presence of castano-
spermine, was compensated for by increased binding of BiP to
the subunit.
The ER Residence Time of the �2 Subunit Is Longer than the

ER Residence Time of the �1 Subunit—To compare the rates
of degradation of YFP-�1 and YFP-�2, we determined how the
abundance of the fusion proteins changed during cell incuba-
tion with CHX. The amount of the ER form of YFP-�2 de-

FIGURE 2. Both prolonged incubation of YFP-�1-expressing cells with castanospermine and the removal of N-glycosylation sites from YFP-�1 in-
crease BiP binding to the subunit. A, confocal microscopy images of MDCK cells expressing the unglycosylated mutant of YFP-�1 (a) or the wild type YFP-
�1, which were incubated in the absence (b) or in the presence (c– e) of 1 mM castanospermine for the indicated periods of time. To ensure constant inhibi-
tion by castanospermine during prolonged incubation, the cell culture medium containing fresh inhibitor was replaced every 24 h. B, the total cell lysate
proteins or the proteins immunoprecipitated using the antibody against YFP were obtained from the cells expressing the wild type YFP-�1 or the unglyco-
sylated mutant of YFP-�1 before or after 64-h cell incubation with 1 mM castanospermine. The proteins were analyzed by SDS-PAGE followed by immuno-
blotting using antibodies against YFP or BiP. C, densitometric quantification of the results shown in B. IP, immunoprecipitation; C-YFP-�1, complex type form
of YFP-�1; H-YFP-�1, high mannose form of YFP-�1; Ung. YFP-�1, the unglycosylated mutant of YFP-�1. Error bars, �S.D. (n � 3); *, significant difference from
YFP-�1; p � 0.001, Student’s t test.
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creased more slowly than the amount of the ER-resident
YFP-�1 (Fig. 3A, ER YFP-�1 and ER YFP-�2 bands). The
amount of the ER forms of YFP-�1 and YFP-�2 could decrease
not only due to their degradation but also due to their traf-
ficking to the Golgi followed by their transformation to the
mature fully glycosylated forms. Only �1-assembled � sub-
units can be exported to the Golgi (28). Hence, to distinguish
between degradation and trafficking to the Golgi, we deter-
mined what fraction of YFP-�1 and YFP-�2 molecules in the
ER were assembled with the �1 subunit. The percentage of the
ER form of YFP-�1 in the �1-immunoprecipitated fraction
(Fig. 3C, left panel, left lane) was significantly less than the
percentage of the ER form in the total fraction of YFP-�1 (Fig.
3A, top panel, left lane), consistent with previously published
results (28). Therefore, the majority of the ER-resident
YFP-�1 molecules were not assembled with the �1 subunit.
The majority of the ER-resident YFP-�2 molecules were also
not assembled with the �1 subunit as seen from the signifi-
cantly lower percentage of the ER form of YFP-�2 in the �1-
immunoprecipitated fraction (Fig. 3C, right panel, left lane) as
compared with the percentage of the ER YFP-�2 form in the
total cell lysate (Fig. 3B, bottom panel, left lane). The �1-as-
sembled ER forms of both YFP-�1 and YFP-�2 were not de-
tected after 1 h of cell incubation with CHX (Fig. 3C). There-
fore, in the absence of protein synthesis, these �1-assembled �
subunits were rapidly exported to the Golgi, where they were
converted to the complex type forms. Also, the results show
that after 1 h of cell incubation with CHX, there were no
spare �1 subunits left in the ER to form new �-� complexes.
Therefore, the �1-unassembled � subunits represented the

vast majority of the ER forms before cell incubation with
CHX and all of the ER forms after 1 h of cell incubation with
CHX. Accordingly, the decrease in the content of the ER
forms of the � subunits in the 5 h of cell incubation with CHX
mainly reflected degradation of these unassembled subunits.
Thus, the �1-unassembled YFP-�1 was degraded more rapidly

than the �1-unassembled YFP-�2 (Fig. 3, A (ER YFP-�1 and
ER YFP-�2 bands) and B).

In contrast, the amount of the plasma membrane-resident
forms of YFP-�1 and YFP-�2 was hardly changed after 5 h of
incubation with CHX (Fig. 3A, PM YFP-�1 and PM YFP-�2
bands). Because longer incubation with CHX could result in
toxic effects, we applied a different approach to determine the
degradation rates of the plasma membrane forms. YFP-�1 and
YFP-�2, as well as endogenous Na,K-ATPase subunits present
on the basolateral surface, were labeled with a membrane-
impermeable biotinylation reagent. After cell incubation at
37 °C for the indicated periods of time, the biotinylated pro-
teins were isolated and analyzed by SDS-PAGE followed by
immunoblotting (Fig. 4A). Quantification of biotinylated pro-
teins showed that the amounts of the endogenous �1 and �1
subunits of the Na,K-ATPase and expressed YFP-�1 and
YFP-�2 each decreased at a similar rate (Fig. 4B).
The ER retention of YFP-�2 was much more prominent

than ER retention of YFP-�1 in all stages of cell monolayer
development (Fig. 5A). ER retention of YFP-�1 and YFP-�2
was particularly evident in small colonies and also in subcon-
fluent monolayers (Fig. 5A, left andmiddle). Only the plasma
membrane fraction of YFP-�2 was co-localized with the �1
subunit, whereas the intracellular fractions of both YFP-�1
and YFP-�2 were co-localized with a marker of the ER (only
YFP-�2 is shown; Fig. 5, B and D), consistent with the export
of only �1-assembled � subunits from the ER. During forma-
tion of the mature cell monolayer, the ER retention gradually
decreased, so that, in the mature cell monolayers, both sub-
units were mainly located in the lateral membranes of MDCK
cells (Fig. 5A, right panels).
BiP Binds the Properly Folded �1-Unassembled � Subunits

and Prevents Their Premature Export from the ER to the
Golgi—To test whether a gradual decrease in the ER retention
of YFP-�1 and YFP-�2 during development of the cell mono-
layer (Fig. 5) was due to the changes in the abundance of the

FIGURE 3. The ER-resident YFP-�2 is degraded more slowly than ER-resident YFP-�1. A, cells expressing YFP-�1 or YFP-�2 were incubated in the pres-
ence of 20 �g/ml CHX for the indicated time periods and lysed. To separate the high mannose form of YFP-�2 from its complex type form on SDS-PAGE,
immunoprecipitated YFP-�2 was treated with endoglycosidase H (EndoH) to transform the high mannose form to the deglycosylated form prior to SDS-
PAGE. B, densitometry of the results presented in A. C, the proteins immunoprecipitated using the antibody against the Na,K-ATPase �1 subunit were ob-
tained from the YFP-�1- and YFP-�2-expressing cells before or after a 1-h cell incubation with 20 �g/ml CHX and then were analyzed by SDS-PAGE followed
by immunoblotting using the antibodies against YFP. Error bars, � S.D. (n � 3); IP, immunoprecipitation; PM, plasma membrane.
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endogenous Na,K-ATPase �1 and �1 subunits, cell lysates
isolated from small colonies were compared with those iso-
lated from mature cell monolayers. The amount of endoge-
nous �1 and �1 subunits was significantly less in colonies than
in the mature monolayers in both YFP-�-expressing cell lines
(Fig. 6A). As expected, the total amount of the expressed YFP-
linked � subunits, which are under the control of the unregu-
lated promoter, did not change (Fig. 6B). As a result, in colo-
nies, the smaller fraction of YFP-linked � subunits was
assembled with �1 subunits and delivered to the plasma mem-
brane, and, accordingly, more � subunits were retained in the
ER. Thus, a decrease in the �1 subunits in colonies as com-
pared with monolayers resulted in a decrease in the amount
of the plasma membrane forms of YFP-linked � subunits (Fig.
6B, top panels). A similar pattern was observed for the endog-
enous �1 subunit; its amount was decreased in the plasma
membrane, whereas it increased in the ER in colonies as com-
pared with monolayers (Fig. 6A, lower panels).
To evaluate the possible involvement of BiP and/or cal-

nexin in ER retention of unassembled �1 and �2 subunits, we
compared the amounts of YFP-�-bound chaperones in colo-
nies and mature monolayers. In both YFP-�1- and YFP-�2-
expressing cells, the relative amount of the ER form of YFP-�
was greater in colonies than in monolayers, which correlated
with the greater amount of YFP-�-bound BiP (Fig. 6, B (top
andmiddle panels) and C). On the other hand, the amount of
YFP-�-bound calnexin was similar in colonies and monolay-
ers in either cell line (Fig. 6, B (bottom) and C). Therefore, the
ER retention of the �1-unassembled � subunits is due to their
binding to BiP but not to calnexin.
If BiP is involved in the ER retention of unassembled �1 and

�2 subunits, the mutagenic impairment of �-� association
should stimulate binding of the � subunits to this chaperone.
In both YFP-�1 and YFP-�2, triple mutations in the �1-inter-
acting regions of their transmembrane domains resulted in
partial retention of the subunits in the ER as seen from the
mutation-induced increase in the relative content of the ER-
resident forms of YFP-� (Fig. 7A, YFP-� panel, ER bands),
consistent with previously published data for YFP-�2 (28).

Mutations also resulted in a significant decrease in co-immu-
noprecipitation of the �1 subunit with YFP-� (Fig. 7A,
Na,K-�1 panel), indicating the impairment of �-� association.
A loss in co-immunoprecipitation of the �1 subunit correlated
with a decrease in the relative content of the plasma mem-
brane forms of the � subunits (Fig. 7, A (YFP-� panel, PM
bands) and B). This impairment of �-� association by muta-
tions was not a result of global misfolding of the subunits be-
cause mutations did not change susceptibility to limited tryp-
tic digestion of YFP-�2 (28) or YFP-�1 (Fig. 7, C and D).
The amount of BiP that co-precipitated with the � subunits

was significantly increased by these mutations (Fig. 7A, BiP
panel). This increase correlated with the increase in the rela-
tive content of the ER-resident forms of the � subunits in the
mutants (Fig. 7B). On the other hand, the amount of calnexin
that was co-immunoprecipitated with YFP-�1 and YFP-�2
was not changed by these mutations (Fig. 7A, calnexin panel).
Thus, impairment of association with the �1 subunit in-
creased association of the � subunits with BiP but not with
calnexin. These results are consistent with involvement of
BiP, but not of calnexin, in ER retention of properly folded
but �1-unassembled � subunits.
Maturation and Trafficking of the Na,K-ATPase �1 and �2

Subunits during Cd2�-induced ER Stress—Distinct prefer-
ences of the �1 and �2 subunits to BiP and calnexin might
suggest differential resistance of two subunits to the ER stress.
Cd2� is a nephrotoxic agent, which is known to induce ER
stress in vivo and in cultured cells (49, 50). Exposure of YFP-
�1- and YFP-�2-expressing MDCK cells to 50 �M Cd2� for
24 h resulted in a significant and minor ER retention of
YFP-�2 and YFP-�1, respectively, as detected by confocal mi-
croscopy (Fig. 8A). The greater ER retention of YFP-�2 than
YFP-�1 was also evident from aWestern blot analysis of both
subunits in total lysates of cells exposed to various Cd2� con-
centrations (Fig. 8C). The degree of retention of both fusion
proteins gradually increased with an increase in concentration
of Cd2� in the culture medium and reached its maximum at
50 �M (Fig. 8E). The amount of total protein did not change
with increasing Cd2� concentrations up to 50 �M and was

FIGURE 4. The plasma membrane-resident Na,K-ATPase subunits are degraded at a similar rate. A, cell monolayers of non-transfected, YFP-�1-express-
ing, and YFP-�2-expressing MDCK cells were biotinylated from the basolateral side using a membrane-impermeable biotinylation reagent and then were
chased at 37 °C for the indicated time periods. After cell lysis, the biotinylated proteins were isolated and analyzed by SDS-PAGE followed by immunoblot-
ting using the antibodies against the �1 and �1 subunits of the Na,K-ATPase and against YFP. B, densitometry of the results presented in A. Error bars, �S.D.
(n � 3); PM, plasma membrane; Na,K-�1 and Na,K-�1, the endogenous �1 and �1 subunits of the Na,K-ATPase; Non-tr., non-transfected MDCK cells.
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decreased by 30–40% in both cell types at 100 �M of Cd2�

(Fig. 8B). The decrease in the protein amount at 100 �M Cd2�

was apparently due to increased cell death, as confirmed by
confocal microscopy (not shown). In both YFP-�1- and YFP-
�2-expressing cells, Cd2� increased the total amount of BiP in
a dose-dependent manner, doubling the amount of this chap-

erone at 100 �M (Fig. 8, C and D). The amount of calnexin
only slightly increased with increasing concentrations of Cd2�

in both cell types (Fig. 8, C and D). Therefore, exposure of
both YFP-�1-and YFP-�2-expressing cells to Cd2� resulted in
significant up-regulation of BiP but not of calnexin. In these
conditions, YFP-�2, but not YFP-�1, was largely retained in

FIGURE 5. The unassembled YFP-linked �2 subunit, but not �1 subunit, is largely retained in the ER in MDCK cells grown at low density. A, confocal
microscopy images of YFP-�1- and YFP-�2-expressing cells showing that intracellular retention of both fusion proteins, but especially of YFP-�2, gradually
decreases during development of the mature cell monolayers. B, YFP-�2 (green) is co-localized with the endogenous �1 subunit (red) in the lateral mem-
branes but not inside the cells as detected by immunostaining of subconfluent YFP-�2-expressing cells using the monoclonal antibody against the Na,K-
ATPase �1 subunit. C, the intracellular fraction of YFP-�2 (green) co-localized with the ER (red) as detected by transient expression of the fluorescent ER
marker DsRed2-ER in subconfluent YFP-�2-expressing cells. N, nucleus; PM, plasma membrane; Na,K-�1, the endogenous Na,K-ATPase �1 subunit.
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the ER. This finding shows that the Na,K-ATPase �1 subunit
is more resistant to Cd2�-induced ER stress than the �2 sub-
unit. In addition, these results confirm that BiP is important
for proper folding of the �1 rather than �2 subunit.

DISCUSSION

The �1 Subunit and �2 Subunit of the Na,K-ATPase Follow
Separate Chaperone-assisted Pathways of Maturation in the
ER—Both the �1 subunit, which has three N-glycans, and the
�2 subunit, which has eight N-glycans, interact with calnexin
in an N-glycan-dependent mode (25). However, the amount
of calnexin that co-immunoprecipitates with YFP-�1 subunit
is 6-fold less than the amount of YFP-�2-bound calnexin (25)
(Fig. 1). Also, the interaction of the �2 subunit with calnexin
continues for several h after completing translation, whereas
the �1 subunit interacts with calnexin only transiently (25)
(Fig. 9). The two N-glycans that are critical for posttransla-
tional �2-calnexin binding are unique for this subunit (Fig. 9).
N-Glycan-calnexin interactions are vital for correct folding

of the �2 subunit (25). Both removal of N-glycosylation sites
and prevention of glycan-calnexin interaction by castanosper-
mine resulted in full ER retention of the �2 subunit (25). In
contrast, the prevention of N-glycan-calnexin interactions by
castanospermine led to only minor ER retention of YFP-�1.
Moreover, this retention gradually decreased down to control
levels with prolonged incubation with the inhibitor (Fig. 2A).
Therefore, glycan-calnexin interactions play a minor role in
normal maturation of the �1 subunit. On the other hand, the
YFP-�1 subunit binds to BiP 3-fold more avidly than YFP-�2

(Fig. 1), suggesting that folding of the �1 subunit is assisted by
this non-lectin chaperone rather than by calnexin.
BiP is the first chaperone to bind the nascent chains of vir-

tually all non-glycosylated proteins synthesized in the ER. BiP
also binds initially to most glycosylated proteins with the ex-
ception of the glycoproteins that have N-glycans within about
50 N-terminal luminal amino acid residues (1, 51). These gly-
coproteins bind to calnexin during translocation without
prior BiP binding (1, 51). The N-glycan 1 of the �2 subunit is
located within 30 N-terminal residues of its luminal domain,
whereas the �1 subunit lacks N-glycans within 95 N-terminal
residues of its luminal domain (Fig. 9A). Therefore, the nas-
cent �2 subunit binds directly to calnexin, whereas the nas-
cent �1 subunit binds initially to BiP, which is replaced by
calnexin in later stages of translation after N-glycans are
added to emerging N-glycosylation sites of the growing
polypeptide (Fig. 9B).
In the absence of N-glycans, the �1 subunit was able to

achieve normal conformation without any involvement of
calnexin. The unglycosylated mutant of the �1 subunit pro-
duced an active enzyme after assembly with the �1 subunit
(41, 48, 52) and was delivered to the plasma membrane (Fig.
2A, a) despite its inability to bind calnexin (25). These results
show that N-glycans are not essential for folding of the �1
subunit. The amount of YFP-�1-bound BiP increased 3-fold
with mutation of N-glycosylation sites, suggesting that BiP
binds to the nascent chain of the mutant at an early stage of
its translocation into the ER lumen and stays associated with
the mutant until translation and proper folding are com-

FIGURE 6. The degree of the ER retention of YFP-linked �1 and �2 subunits correlates with BiP binding to the subunits. A, equal amounts of total ly-
sates of YFP-�1- and YFP-�2-expressing cells (6 �g of protein) obtained from small colonies or from mature cell monolayers were analyzed by SDS-PAGE
followed by immunoblotting using the antibodies against �1 and �1 subunits of the Na,K-ATPase. B, equal amounts of total lysates of YFP-�1- and YFP-�2-
expressing cells (600 �g of protein) obtained from small colonies or from mature cell monolayers were used for immunoprecipitation of YFP-linked sub-
units. Immunoprecipitated YFP-�1 and YFP-�2, as well as co-immunoprecipitated BiP and calnexin, were analyzed by immunoblotting. C, densitometry
quantification of the results shown in B. IP, immunoprecipitation; PM, plasma membrane.
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pleted, compensating for calnexin assistance. BiP apparently
also initiates co-translational folding of normally glycosylated
nascent �1 subunits. However, the addition of N-glycans later
during translation probably interferes with BiP binding, re-
sulting in replacement of BiP by calnexin (Fig. 9). The N-gly-
can-mediated calnexin binding then assists the completion of
the folding process.
Thus, when N-glycans were present, but their interaction

with calnexin was prevented by castanospermine, the proper
conformation of the �1 subunit was not achieved, and, hence,
a fraction of these �1 subunits was retained in the ER (Fig. 2A,
c and d). Prolonged cell incubation with castanospermine re-
sulted in an ER stress response followed by up-regulation of
BiP (Fig. 2B). As a result, the amount of the YFP-�1-bound
BiP was increased (Fig. 2B), facilitating successful maturation
of the �1 subunit (Fig. 2A, e). Therefore, BiP and perhaps
other non-lectin chaperones can compensate for the lack of
calnexin-glycan interactions and successfully mediate matura-
tion of the �1 subunit. Such compensation did not happen
with the �2 subunit; it was retained in the ER during pro-
longed cell incubation with castanospermine despite in-

creased �2-BIP binding (not shown). Also, in contrast to the
unglycosylated �1 subunit, the unglycosylated �2 subunit was
fully retained in the ER (25). Therefore, the data strongly sug-
gest involvement of BiP in folding of the �1 subunit but not of
the �2 subunit (Fig. 9). Conversely, calnexin binding is essen-
tial for maturation of the �2 subunit but not of the �1 subunit
(25).
Maturation of the �1 Subunit Is More Rapid than Matura-

tion of the �2 Subunit—YFP-�2 spends more time in the ER as
compared with YFP-�1 (Fig. 3A, ER YFP-�2 and ER YFP-�1
bands), resulting in a greater accumulation of YFP-�2 than
YFP-�1 in the ER at steady state (Fig. 1A, bottom). These dif-
ferences in the ER residence time are consistent with rapid
BiP- and calnexin-assisted folding of YFP-�1 and prolonged
calnexin-assisted folding of YFP-�2, respectively (Fig. 9).

It is possible that prolonged interaction with calnexin of the
�2 subunit in the ER of MDCK cells is due to the lower bind-
ing affinity of the �1 subunit to the �2 subunit than to the �1
subunit. MDCK cells naturally express only �1 and �1 sub-
units. It is not clear whether there is preferential association
of particular � subunit isoforms with particular � subunit iso-

FIGURE 7. Impairment of �-� association due to point mutations in the �-interacting regions of the �1 and �2 subunits correlates with increased
BIP binding to both �1 and �2 subunits. A, alanine substitutions of Tyr39, Phe42, and Tyr43 in YFP-linked rat �1 subunit produced a triple mutant Y39A/
F42A/Y43A (YFY1) of YFP-�1. The residues homologous to Tyr39, Phe42, and Tyr43 were also mutated in YFP-linked human �2 subunit, producing a triple mu-
tant, Y44A/F47A/Y48A (YFY2) of YFP-�2. The proteins were immunoprecipitated from lysates of the cells expressing the wild type YFP-�1 or YFP-�2 (WT) or
their mutants (YFY) using the antibody against YFP and were analyzed by SDS-PAGE followed by immunoblotting using the antibodies against YFP, the
Na,K-ATPase �1 subunit, BiP, and calnexin. B, densitometry quantification of the results shown in A. C, the products of tryptic digestion of the whole lysates
of the cells expressing the wild type or mutated YFP-�1 were analyzed by immunoblotting using the antibody against YFP as described under “Experimen-
tal Procedures.” D, densitometry quantification of the results shown in C. Error bars, �S.D. (n � 3); PM, plasma membrane.
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forms in tissues with multiple Na,K-ATPase subunit expres-
sion, such as brain, heart, and muscle (23, 53–56). However, if
the �2 subunit rather than the �1 subunit is a preferred part-

ner of the �2 subunit, prolonged interaction of the �2 subunit
with calnexin might be required prior to its assembly with the
�1 but not with the �2 subunit. Thus, these differences in du-

FIGURE 8. The Na,K-ATPase �1 subunit is more resistant to Cd2�-induced ER stress than the Na,K-ATPase �2 subunit. Confluent monolayers of MDCK
cells expressing either YFP-�1 or YFP-�2 grown in glass bottom dishes were incubated in DMEM in the absence or presence of 10, 20, 50, or 100 �M CdCl2
for 24 h. The cells were analyzed by confocal microscopy and then lysed to determine the amount of total protein, BiP, calnexin, and YFP-�1 or YFP-�2 as
described under “Experimental Procedures.” A, confocal microscopy images of MDCK cell monolayers showing that incubation with 50 �M Cd2� for 24 h
resulted in significant ER accumulation of YFP-�2 but not of YFP-�1. B, in both YFP-�1- and YFP-�2-expressing cells, incubation with 100 �M Cd2� for 24 h
resulted in a significant decrease in total protein, whereas lower concentrations of Cd2� had no effect. C, Western blot analysis of BiP, calnexin, and YFP-� in
total lysates of YFP-�1- and YFP-�2-expressing cells incubated at various concentrations of Cd2� for 24 h. To separate the high mannose of YFP-�2 from its
complex type form on SDS-PAGE, cell lysates of YFP-�2-expressing cells were treated with endoglycosidase H to transform the high mannose form to the
deglycosylated form prior to SDS-PAGE. D and E, densitometry quantification of the results presented in C. Error bars, �S.D. (n � 3).
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ration of interaction with calnexin might facilitate formation
of the �2-�2 heterodimers rather than �1-�2 heterodimers in
the tissues that express various Na,K-ATPase subunits. This
hypothesis could be tested by expressing �1, �2, �1, and �2
subunits in the same cell.
The Na,K-ATPase �1 Subunit Is More Resistant to Cd2�-

induced ER Stress than the �2 Subunit—The ER-resident pro-
tein folding and quality control machinery is highly sensitive
to various types of stress. Numerous cytotoxic agents or
pathophysiological conditions can induce accumulation of
unfolded and misfolded proteins in the ER, which is referred
to as ER stress. To compensate for the impairment of folding

and quality control machinery, a cell turns on specific signal-
ing pathways that collectively are called the unfolded protein
response (UPR). UPR results in inhibition of translation, acti-
vation of ER-associated degradation, and induction of expres-
sion of BiP and other ER chaperones (57, 58). When the stress
is beyond the compensatory capacity of a cell, UPR triggers
proapoptotic signaling. ER stress and UPR are involved in a
diverse range of diseases. ER stress plays a critical role in cad-
mium intoxication, which results from its intake of contami-
nated water, food, air, and cigarette smoke (59). Cadmium
accumulates in different organs, especially in the kidney, and
causes a wide range of pathological effects, including renal

FIGURE 9. A model illustrating differences and similarities in the maturation pathways of the Na,K-ATPase �1 and �2 subunits. A, positions of aspara-
gine residues of N-glycosylation sites (N158, N193, etc.) and corresponding N-linked glycans (consecutively numbered 1– 8) in the primary structures of the
luminal domains of the Na,K-ATPase �1 and �2 subunits are compared based on the computational alignment (Vector NTI, 8.0) of the rat �1 subunit
(NM_013113)and the human �2 subunit (NM_001678). The �1 subunit has three N-glycans (blue), whereas the �2 subunit has eight N-glycans, including
three �1-homologous N-glycans (blue) and five �2-unique N-glycans (red). B, the Na,K-ATPase �1 and �2 subunits (both shown in green) are type II trans-
membrane proteins. During translation, the hydrophobic sequences of their future transmembrane domains direct insertion of the nascent polypeptide
chains into the ER membrane so that the N termini stay in the cytosol, whereas the C-terminal portions of the growing chains (future extracellular domains)
are extruded through the translocon into the ER lumen. The nascent �1 subunit lacking N-glycans in the beginning of its luminal domain initially binds to
BiP during translocation. Later, when N-glycosylation sites are translocated into the ER lumen and occupied by N-glycans, BiP is replaced by calnexin (Cnx).
In contrast, the nascent �2 subunit, which contains Asn96-linked N-glycan (1) in the very N-terminal region of its luminal domain, binds directly to calnexin
during translation. The �2, but not the �1, subunit continues to bind calnexin for several h after completing translation; two of the eight N-glycans (2 and 7)
are essential for persistent calnexin binding to the �2 subunit (25). The homologs of these two N-glycans are absent in the �1 subunit, consistent with the
lack of posttranslational calnexin binding to this subunit. Once properly folded, the �1 and �2 subunits follow common maturation and trafficking path-
ways. They either assemble with the �1 to form a functional Na,K-ATPase or bind BiP. The �1-assembled � subunits are exported to the Golgi, whereas the
BiP-bound � subunits are retained in the ER and eventually destroyed via ER-associated degradation. Models of the folded Na,K-ATPase subunits were cre-
ated using Cn3D 4.1 based on the high resolution structure of the Na,K-ATPase for �1 and �1 (64) and on the three-dimensional homology model for �2
(25). Positions of N-glycosylation sites in the � subunits were determined based on these structures. N-Glycans linked to N-glycosylation sites, as well as un-
folded luminal domains of � subunits, were drawn in arbitrary sizes and orientations.
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dysfunction, osteoporosis/bone fractures, and development of
cancer (60). In many ER stress-related diseases, including cad-
mium intoxication, abnormalities in ion-pumping activity of
the Na,K-ATPase have been reported (61–63). However,
there is a lack of information regarding effects of the ER stress
on maturation, quality control, and degradation of the en-
zyme. Also, there are almost no reports on the effect of the ER
stress-inducing agents, particularly of cadmium, on expres-
sion of lectin chaperones. The results presented here indicate
that two � isoforms of the Na,K-ATPase, �1 and �2, differen-
tially respond to the ER stress induced by cadmium. The �2
subunit was largely retained in the ER in Cd2�-exposed cells
in a dose-dependent manner (Fig. 8, A, C, and E). In contrast,
the �1 subunit was only slightly retained in the ER (Fig. 8, A,
C, and D), even at the high Cd2� concentration that caused
cell death as seen from a significant decrease in total protein
(Fig. 8B). In parallel, Cd2� greatly induced expression of BiP
but only slightly increased expression of calnexin. The results
suggest that the �1 subunit, but not the �2 subunit, was res-
cued from misfolding by its preferred binding to BiP during
co-translation folding. The ubiquitously expressed �1-�1
Na,K-ATPase is vital for maintenance of membrane potential
and, hence, for the survival of the vast majority of animal
cells. Therefore, high resistance of the �1 subunit to the ER
stress apparently plays an important role in UPR-mediated
cell adaptation to various pathological conditions.
Role of BiP in the Quality Control of the Na,K-ATPase—In

MDCK cells, �-� assembly occurs after successful folding of
individual subunits (25) and is required for the export of both
� and � subunits from the ER (28). Unassembled subunits are
retained in the ER (28). These unassembled subunits do not
overload the ER because they are degraded much more rap-
idly than the mature �-� complexes in the plasma membrane
(28) (Fig. 3).
Two lines of evidence presented here indicate that BiP is

responsible for the ER retention of unassembled � subunits.
First, the degree of the ER retention of YFP-�1 and YFP-�2 in
cells grown at low and high density correlated with the
amount of BiP bound to YFP-linked subunits and inversely
correlated with the level of expression of the endogenous
Na,K-ATPase �1 subunit (Fig. 6). In contrast, the amount of
YFP-�-bound calnexin was similar in colonies and cell mono-
layers (Fig. 6). Second, the mutations in YFP-�1 and YFP-�2,
which specifically impaired association of the � subunits with
the �1 subunit, also increased the amount of the subunit-
bound BiP (Fig. 7, A and B). This correlated with the degree of
the ER retention of the YFP-linked � subunits (Fig. 7, A (ER
bands) and B), whereas the amount of the YFP-�-bound cal-
nexin did not change due to these mutations (Fig. 7A). Impor-
tantly, these mutations did not impair folding of the subunits
as deduced from the unchanged sensitivity to limited trypsin
digestion of both the YFP-�2 mutant (28) and the YFP-�1 mu-
tant (Fig. 7C). Therefore, BiP, but not calnexin, is involved in
the ER retention of properly folded, but �1-unassembled, �1
and �2 subunits of the Na,K-ATPase in MDCK cells (Fig. 9).

The preferential binding of BiP to unassembled �1 subunits
rather than to �-bound �1 subunits demonstrated in Xenopus
oocytes suggested involvement of BiP in ER retention of unas-

sembled �1 subunits (42, 43). BiP also interacted with the en-
dogenous �1 subunit in MDCK cells (Fig. 1C), suggesting a
role for BiP in folding and quality control of the �1 subunit
also in these cells.
These data illuminate the mechanisms whereby only �-�

heterodimers of the Na,K-ATPase that are properly folded
and assembled at 1:1 stoichiometry are delivered to the
plasma membrane in mammalian cells. Both lectin and non-
lectin ER chaperones contribute to maturation of the Na,K-
ATPase. A lectin chaperone, calnexin, is required for folding
of the �2 but not of the �1 subunit (25). In contrast, a non-
lectin chaperone, BiP, mainly assists folding of the �1 subunit.
When �1 and �2 subunits acquire their proper conformation,
BiP binding prevents their premature export from the ER to
the Golgi prior to their assembly with the �1 subunit. The
results show that the �2 subunit is highly sensitive, whereas
the �1 subunit is resistant to the ER stress, proving the patho-
physiological significance of diverse chaperone-dependent
maturation pathways for various Na,K-ATPase subunit
isoforms.
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