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Abstract
Integral membrane proteins are synthesized on the cytoplasmic face of the endoplasmic reticulum
(ER). After being translocated or inserted into the ER, they fold and undergo post-translational
modifications. Within the ER, proteins are also subjected to quality control checkpoints, during which
misfolded proteins may be degraded by proteasomes via a process known as ER-associated
degradation. Molecular chaperones, including the small heat shock protein αA-crystallin, have
recently been shown to play a role in this process. We have now found that αA-crystallin is expressed
in cultured mouse collecting duct cells, where apical Na+ transport is mediated by epithelial Na+

channels (ENaC). ENaC-mediated Na+ currents in Xenopus oocytes were reduced by co-expression
of αA-crystallin. This reduction in ENaC activity reflected a decrease in the number of channels
expressed at the cell surface. Furthermore, we observed that the rate of ENaC delivery to the cell
surface of Xenopus oocytes was significantly reduced by co-expression of αA-crystallin, whereas
the rate of channel retrieval remained unchanged. We also observed that αA-crystallin and ENaC
co-immunoprecipitate. These data are consistent with the hypothesis that small heat shock proteins
recognize ENaC subunits at ER quality control checkpoints and can target ENaC subunits for ER-
associated degradation.

Like most other integral membrane proteins, newly synthesized epithelial Na+ channel (ENaC)
4 subunits translocate co-translationally into the endoplasmic reticulum (ER), where folding
and post-translational modifications occur. Within the ER, proteins are also subjected to quality
control checkpoints to ensure that only properly folded proteins mature beyond the ER. If
folding is inefficient, the misfolded protein may be degraded by proteasomes via a process
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known as ER-associated degradation (ERAD). This prevents the accumulation of abnormal
proteins in the ER, which, left unchecked, may form toxic protein aggregates. Molecular
chaperones, which can bind to exposed, hydrophobic motifs in unfolded proteins, play a key
role in selecting substrates for this process.

ENaC is expressed at the apical membranes of Na+ absorptive epithelia. There, in conjunction
with the basolateral Na+/K+ ATPase, ENaC facilitates transepithelial Na+ transport (1). ENaC
is found in a variety of tissues, including the lung airway and alveoli and the distal nephron,
where ENaC influences mucociliary clearance and extracellular fluid Na+ and volume
regulation, respectively (1–3). ENaC is comprised of three homologous subunits, α, β, and γ,
although the stoichiometry of the functional channel remains controversial (4–7). Each subunit
has short cytoplasmic amino- and carboxyl-terminal domains (50–110 residues), two
transmembrane segments, and a large extracellular domain (∼450 residues) (8–10). Like most
other molecular chaperones, small heat shock proteins (sHsps) can bind unfolded, aggregation-
prone substrates to retain them in solution. In addition, sHsps have been implicated in
proteasome function and the ubiquitin-proteosome pathway. We recently observed that α-
crystallin domain-containing sHsps facilitate the ERAD of CFTR (11). Although the structure
and assembly of CFTR and ENaC are distinct, we hypothesized that these chaperones may also
be involved in ENaC quality control. To this end, we established an ENaC expression system
in yeast and discovered that sHsps facilitate ENaC α subunit degradation. We also found that
the sHsp αA-crystallin is expressed in a cortical collecting duct (CCD) cell line and that αA-
crystallin and the ENaC α subunit form stable complexes. Finally, we determined the functional
effect of αA-crystallin expression on ENaC in a heterologous system and found that αA-
crystallin lowered the number of functional channels because of a decrease in the rate of channel
delivery to the cell surface. These data demonstrate a broader role for sHsps in ERAD and
represent only the second chaperone class that has been found to impact ENaC biogenesis.

Experimental Procedures
Vectors and Antibodies

Mouse ENaC α subunits with either carboxyl-terminal HA or V5 epitope tags (αHA, αV5),
amino-terminal HA and carboxyl-terminal V5 epitope tags (HAαV5), β subunit with a carboxyl-
terminal FLAG epitope tag (β), and γ subunit with a carboxyl-terminal Myc epitope tag (γ)
were previously characterized (12). The antibodies used were: horseradish peroxidase-
conjugated rat monoclonal anti-HA (Roche Applied Sciences), mouse monoclonal anti-HA
(Covance, Berkeley, CA), rabbit anti-αA-crystallin (Assay Designs, Ann Arbor, MI), mouse
monoclonal anti-V5 and anti-V5 antibody conjugated to horseradish peroxidase (Invitrogen),
and rabbit anti-Sec61p (13).

Protein Degradation Assays in Yeast
The cDNA encoding HAαV5 (12) was inserted into the yeast pGPD426 constitutive expression
vector at the HindIII and ClaI restriction sites. Plasmids were introduced into the indicated
strains using lithium acetate-mediated transformation (14). Transformants were selected by
growth on Sc–Ura medium containing glucose (15). To assess the rate of ENaC α subunit
ERAD, cycloheximide chase experiments were performed as described previously (16). The
immunoblots were incubated with an anti-V5 antibody conjugated to horseradish peroxidase
(Invitrogen) to detect ENaC α subunit and with a rabbit anti-Sec61p antibody (13) as a loading
control. The blots were visualized by chemiluminescence as described below and quantified
with a Versadoc (Bio-Rad).
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Reverse Transcription-PCR
Mouse kidney total RNA was from Clontech Laboratories, Inc. (Mountain View, CA). Total
RNA from cultured CCD cells was isolated using an RNAqueous 4PCR kit (Ambion, Austin,
TX). One microgram total RNA was reverse transcribed using either random hexamers or oligo
(dT) as primers using SuperScript II reverse transcriptase (Invitrogen). Nested PCR was
performed on control “no reverse transcriptase” template and random-primed or oligo(dT)-
primed cDNA templates.

Immunoblotting
CCD and MDCK cells were maintained as previously described (17,18) and transiently
transfected with ENaC subunits and αA-crystallin as indicated using Lipofectamine 2000
(Invitrogen) for use the following day (12). The immunoblotting methods were adapted from
Hughey et al. (12). Briefly, cytoplasmic extracts of CCD cells were produced by scraping cells
into phosphate-buffered saline (137 mM NaCl, 2.6 mM KCl, 15.2 mM Na2HPO4, 1.47 mM

KH2PO4) with protease inhibitor mixture set III (EMD Biosciences, San Diego, CA) and
passing them 20 times through a 22-gauge needle. Whole cell lysates were produced by
scraping cells into 100 mM NaCl, 5 mM EDTA, 50 mM triethanolamine, pH 8.6, and protease
inhibitor mixture set III followed by the addition of SDS (Bio-Rad) to 0.5% (w/v) and
incubation at 95 °C for 5 min as described previously (19). Triethanolamine (final
concentration, 75 mM) and Triton X-100 (final concentration, 1.25% (v/v)) were then added,
after which samples were agitated for 15 min at 4 °C. MDCK cells were extracted into 0.3 ml
of lysis buffer (0.4% sodium deoxycholate, 1% Nonidet P-40, 63 mM EDTA, and 50 mM Tris-
HCl, pH 8) supplemented with protease inhibitor set III and phosphatase inhibitor set I
(Calbiochem, San Diego, CA). The extracts were centrifuged to remove insoluble material.
For immunoprecipitation experiments, the supernatants were incubated overnight at 4 °C on a
rotating wheel with antibodies as indicated and 25 μl of protein A immobilized on Sepharose
4B beads (Zymed Laboratories Inc., S. San Francisco, CA). Immunoprecipitates on beads were
washed and then subjected to SDS-PAGE (4–15% gradient gel) and transferred to an
Immobilon-NC membrane. The membranes were incubated with antibody as indicated
overnight at 4 °C, followed by peroxidase-conjugated secondary antibody when needed.
Purified bovine αA-crystallin (Assay Designs) and Precision Protein Standards (Bio-Rad) were
used as markers. The blots were developed using Western Lightning Chemiluminescence
reagent (PerkinElmer Life Science) and visualized with either BioMax MR film (Kodak, New
Haven, CT) or using a Versadoc (Bio-Rad).

ENaC Activity Measurements
ENaC mediated Na+ currents were measured in Xenopus oocytes by the two-electrode voltage
clamp technique (TEV). Stage V and VI oocytes free of follicle cell layers were injected with
cRNA encoding wild type α, β, and γ ENaC subunits and varying amounts of cRNA encoding
αA-crystallin (11), Hsc70 (20), or γ-glutamyl transpeptidase (21), as indicated. The oocytes
were maintained in modified Barth's saline (MBS; 88 mM NaCl, 1 mM KCl, 2.4 mM NaHCO3,
15 mM HEPES, 0.3 mM Ca(NO3)2, 0.41 mM CaCl2, 0.82 mM MgSO4, 10 μg/ml sodium penicillin,
10 μg/ml streptomycin sulfate, 100 μg/ml gentamicin sulfate, pH 7.4). TEV was performed 24
h after injection using a DigiData 1320A interface and a GeneClamp 500B Voltage Clamp
amplifier (Axon Instruments, Foster City, CA). In experiments with MG-132 (Calbiochem),
oocytes were incubated in MBS supplemented with 6 μM MG-132 for 3–4 h prior to current
measurements (22). Data acquisition and analyses were performed using pClamp 8.2 software
(Axon Instruments). The pipettes were pulled from borosilicate glass capillaries (World
Precision Instruments, Sarasota, FL) with a micropipette puller (Sutter Instrument Co., Novato,
CA) and had resistance of 0.5–5 megaohms when filled with 3 M KCl and inserted into the bath
solution. The oocytes were maintained in a recording chamber (Automate Scientific, San
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Francisco, CA) with 20 μl of bath solution and continuously perfused with bath solution at a
flow rate of 4–5 ml/min. The bath solution contained 110 mM NaCl, 2 mM KCl, 2 mM CaCl2,
10 mM HEPES, pH 7.4. All of the experiments were performed at 20–24 °C.

ENaC exocytosis rates were determined as previously described (23,24) from oocytes injected
with cRNAs for αS583C mutant and wild type β and γ ENaC subunits either in the presence
or absence of 6 ng of cRNA for αA-crystallin. 24–36 h after injection, channels at the cell
surface were blocked with 1 mM MTSET for 4 min, resulting in a covalent modification of the
channel that causes an ∼80% reduction of current. After removal of MTSET from the bath,
Na+ current was measured by TEV at −100 mV every 30 s for 10 min to monitor current
recovery. The initial rates of reappearance of amiloride-sensitive currents were determined
from the linear portion of the current recovery curve (0–2 min).

ENaC endocytosis rates were determined from oocytes injected with cRNA for wild type α,
β, and γ ENaC subunits either in the presence or absence of 6 ng of cRNA for αA-crystallin.
24–36 h after injection, amiloride-sensitive currents were determined by TEV before and after
2, 4, and 6 h of incubation with 5 μM brefeldin A. Amiloride-sensitive currents were expressed
relative to the initial amiloride-sensitive current, and data for the current declines were
compared.

ENaC Surface Expression Measurements
The experiments were performed essentially as described (25). Xenopus oocytes were injected
with varying amounts of cRNA encoding αA-crystallin and 2 ng each of an extracellular FLAG
epitope-tagged β ENaC subunit (βF) and wild type α and γ ENaC subunits. Negative controls
utilized wild type ENaC β subunit with no epitope tag (no tag). Two days after injection, the
oocytes were blocked for 30 min in MBS supplement with 10 mg/ml bovine serum albumin
(MBS/BSA) and then incubated for 1 h with MBS/BSA supplement with 1 μg/ml of a mouse
monoclonal anti-FLAG antibody (M2) (Sigma-Aldrich) at 4 °C. The oocytes were then washed
at 4 °C for 1 h in MBS/BSA and incubated with MBS/BSA supplemented with 1 μg/ml
secondary antibody for 1 h at 4 °C (peroxidase-conjugated AffiniPure F(ab'2) fragment goat
anti-mouse IgG; Jackson ImmunoResearch, West Grove, PA). The oocytes were extensively
washed (12 times over 2 h) at 4 °C and transferred to MBS without BSA. Individual oocytes
were placed in 100 μl of SuperSignal Elisa Femto maximum sensitivity substrate (Pierce) and
incubated at room temperature for 1 min. Chemiluminescence was quantified in a TD-20/20
luminometer (Turner Designs, Sunnyvale, CA).

Statistical Analysis
Normalized data from oocytes were normalized within an individual batch of oocytes as
previously described (26). All of the data are presented as the means ± S.E. p values were
determined by a Student's t test performed with Excel 2003 (Microsoft Corp., Redmond, WA)
or a one-way ANOVA with a Newman-Keuls post hoc test performed with Igor Pro 5.05A
(Wavemetrics, Lake Oswego, OR), as indicated. A p value ≤0.05 was considered significant.

Results
Hsp26 and Hsp42 Facilitate ENaC α Subunit Degradation in Yeast

We recently demonstrated that α-crystallin domain-containing sHsps select aberrant forms of
CFTR in both yeast and mammalian cells for ERAD (11). This chloride channel is co-expressed
with ENaC in lung epithelia. Together these channels regulate lung fluid volume, which affects
mucociliary clearance (27). We therefore hypothesized that chaperones with α-crystallin
domains may also be involved in ENaC quality control. To test this hypothesis, we inserted
the α subunit of mouse ENaC into a yeast vector engineered for constitutive expression.
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Degradation in both wild type yeast and a variety of yeast mutants was measured by a
cycloheximide chase, and the results were quantified after Western blot analysis. The first
mutant examined lacked two members of the sHsp family, Hsp26 and Hsp42. Although these
two proteins largely recognize the same target proteins, Hsp42 is constitutively present at high
levels, whereas Hsp26 expression is temperature-sensitive (28,29). We found that degradation
of α-ENaC was reduced in the hsp26Δhsp42Δ mutant strain compared with wild type yeast
(Fig. 1, p < 0.05 at 20 and 60 min). To verify that the ENaC α subunit is an ERAD substrate,
we examined the effect on ENaC α subunit degradation when Ufd1p was mutated. Ufd1p is a
component of the Cdc48p/Ufd1p/Npl4p AAA ATPase complex that actively transfers
ubiquitinated substrates from the ER to the proteasome (30). The absence of functional Ufd1p
significantly decreased α subunit degradation (Fig. 1, p < 0.05 at 60 min). To confirm this
observation, we examined the effect of mutating a component of the proteasome “cap,” Cim3p,
on ENaC α subunit degradation. Cim3p (also known as Rpt6p) is also a AAA ATPase, and the
proteasome cap is thought to drive substrates into the proteasome core for degradation (31).
Indeed, we found that the degradation of the ENaC α subunit in the cim3-1 mutant was
significantly reduced compared with wild type yeast (Fig. 1, p < 0.05 at 90 min). These results
indicate that the ENaC α subunit is a bona fide ERAD substrate in yeast and that the sHsps
promote ENaC α subunit clearance in this organism.

αA-crystallin Is Expressed in the Kidney and in Cultured Collecting Duct Cells
In addition to its function in the lung, the role of ENaC in the distal nephron of the kidney
remains a focus of research and clinical interest. Because ENaC is expressed in the CCD of
the distal nephron (32) and because αA-crystallin is the closest mammalian homolog to Hsp26
in yeast, we determined whether αA-crystallin is also expressed in mouse kidney and
specifically in the CCD. Reverse transcription-PCR using RNA isolated from both whole
mouse kidney and a mouse CCD cell line demonstrated a product at the predicted size of 175
bp using nested αA-crystallin primers (Fig. 2, A and B). The identity of the 175-bp product
was confirmed by nucleotide sequencing. We confirmed that αA-crystallin protein was present
in CCD cells by Western blot analysis. Cell lysates of cultured murine CCD cells were probed
with anti-αA-crystallin, and a product at ∼20 kDa was evident (Fig. 2C). This species was
similar to the molecular masses of purified bovine αA-crystallin protein alone or when added
to lysate. This result confirms that CCD cells endogenously express αA-crystallin.

αA-crystallin and ENaC Form Complexes
To determine whether αA-crystallin and ENaC subunits interact, we next performed co-
immunoprecipitation experiments. MDCK cells were used for these experiments because of
the absence of endogenously expressed ENaC (18). In experiments where untransfected cells
were both immunoprecipitated and immunoblotted with an anti-αA-crystallin antibody, we
found that MDCK cells endogenously expressed αA-crystallin (Fig. 2C). We performed
experiments where αA-crystallin along with the β, γ, and HA epitope-tagged α (αHA) ENaC
subunits were co-transfected. When lysates of these cells were immunoprecipitated with anti-
HA antibody and immunoblotted with anti-αA-crystallin antibody, we observed that αA-
crystallin co-immunoprecipitated with the αHA ENaC subunit (Fig. 2C). In control experiments
in which either (i) ENaC subunits were not co-transfected, (ii) antibody was omitted from the
immunoprecipitation, or (iii) a V5 epitope-tagged α subunit was used, little or no αA-crystallin
was apparent in the precipitate. We also examined whether endogenous αA-crystallin co-
immunoprecipitated with the ENaC αHA subunit. When lysates of cells co-transfected with β,
γ, and αHA ENaC subunits were immunoprecipitated with anti-αA-crystallin antibody and
subsequently immunoblotted with anti-HA antibody, we found that the αHA ENaC subunit co-
immunoprecipitated with endogenously expressed αA-crystallin (Fig. 2D). In control
experiments where a V5-epitope tagged α subunit was used or antibody was omitted from the
immunoprecipitation step, no ENaC α subunit was observed in the precipitate. Both the furin-
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mediated cleaved and uncleaved bands of the αHA subunit were co-immunoprecipitated with
αA-crystallin. We have recently shown that proteolytic processing of ENaC by furin in the
trans-Golgi network is required for channel activation (12,33). This result suggests that αA-
crystallin could associate with the α subunit of ENaC before and after trans-Golgi network-
dependent processing events.

αA-crystallin Reduces ENaC Expression in Oocytes
To determine whether αA-crystallin affects the functional expression of ENaC, we examined
the effect of co-expressing human αA-crystallin with mouse ENaC on channel activity in
Xenopus oocytes. Like other sHsps, αA-crystallin associates with unfolded proteins to prevent
their aggregation and maintain solubility, but continued association may target the bound
protein for ERAD (11). We injected cRNAs encoding the α, β, and γ mouse ENaC subunits
into Xenopus oocytes along with water or various amounts of cRNA encoding αA-crystallin
or with cRNA encoding γ-glutamyl transpeptidase as a control. 24 h after injection, we
measured the amiloride-sensitive Na+ currents for each group by TEV (Fig. 3A). We found
that co-expression of αA-crystallin with ENaC in oocytes reduced ENaC-mediated Na+

currents in a dose-dependent manner, whereas γ-glutamyl transpeptidase cRNA had no effect.

We then tested our hypothesis that αA-crystallin inhibition of ENaC currents results from
enhanced ERAD in Xenopus oocytes. Using the proteasomal inhibitor MG-132 (34), we
determined whether proteasomal activity was required for the inhibitory effect of αA-crystallin
on ENaC currents (Fig. 3B). We found that currents from oocytes expressing ENaC alone were
not affected by MG-132. However, in oocytes expressing ENaC and αA-crystallin, MG-132
abolished the inhibitory effect of αA-crystallin on ENaC current. This result demonstrates that
the inhibitory effect of αA-crystallin on ENaC current depends on the activity of the
proteasome, an essential ERAD component.

Because of the role of αA-crystallin in facilitating the ERAD of CFTR, we hypothesized that
αA-crystallin reduced ENaC current in oocytes by decreasing the number of channels at the
cell surface. We therefore measured ENaC surface expression with β subunit having a FLAG
epitope tag in the extracellular loop (βF) co-expressed with wild type α and γ subunits using a
chemiluminescence-based assay (24,25). We found that co-expression of αA-crystallin with
ENaC reduced channel surface expression in a dose-dependent manner. Moreover, the extent
of ENaC surface expression reduction when each amount of the injected αA-crystallin was
used paralleled the extent of the reduction in ENaC-mediated Na+ currents (Fig. 3C). These
results are consistent with αA-crystallin inhibiting ENaC function by reducing the number of
channels at the cell surface rather than affecting single channel properties.

αA-crystallin Retards the Rate of ENaC Delivery to the Cell Surface
A reduction in the number of channels at the cell surface can be achieved either by a decrease
in the rate of channel delivery, by an increase in the rate of channel retrieval, or by a combination
of both mechanisms. We hypothesized that αA-crystallin reduces ENaC surface expression by
reducing the number of channels available for delivery to the membrane, which would be
consistent with enhanced ERAD (Fig. 1). We tested this hypothesis by measuring both the rate
of channel delivery and the rate of channel retrieval.

To measure the rate of channel delivery to the cell surface, we took advantage of the αS583C
mutant. This mutation is located at the outer “mouth” of the channel pore, where covalent
modification by the water-soluble sulfhydryl reactive reagent MTSET blocks ∼80% of the
current originating from ENaC at the cell surface (35). Recovery of amiloride-sensitive current
subsequent to MTSET washout can be attributed to the delivery of new, unblocked channels
to the cell surface. 24 h after injecting oocytes with cRNAs encoding αS583C, wild type β and
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γ subunits and either water or cRNA for αA-crystallin, we measured ENaC current recovery
by TEV after applying 1 mM MTSET for 4 min (Fig. 4A). We observed that current recovery
was significantly faster in oocytes injected with water than those injected with αA-crystallin.

To measure the rate of cell surface channel retrieval, we halted the delivery of newly
synthesized ENaC to the cell surface using brefeldin A. This antibiotic inhibits the formation
of transport vesicles that mediate protein transport from the ER to the Golgi apparatus, thus
inhibiting integral membrane protein transport to the plasma membrane (36). Having prevented
new channel delivery, it becomes possible to measure the half-lives of channels at the cell
surface. We therefore injected oocytes with cRNAs encoding wild type ENaC and either water
or αA-crystallin. Two days after injection, each group was incubated in a buffer supplemented
with 5 μM brefeldin A, and the current was measured every 2 h (Fig. 4B). After the 6-h time
point, amiloride was added to determine whether a leak had developed over the course of the
experiment. In both the presence or absence of αA-crystallin, the current decreased with a half-
life of ∼3 h. Control experiments performed in parallel without the addition of brefeldin A
showed that the ENaC current remained stable over 4 h, with a ∼20% decrease at 6 h (data not
shown). Together, these results indicate that αA-crystallin decreased ENaC functional
expression by reducing the rate of channel delivery to the cell surface but did not affect the
rate of channel retrieval from the surface.

Overexpression of Hsc70 Potentiates the Effect of αA-crystallin in Reducing ENaC-mediated
Current

We recently reported that overexpression of Hsc70 reduces ENaC expression and current in
oocytes (26). Because eukaryotic sHsps have been suggested to release their substrates to ATP-
dependent chaperones, such as Hsc70, and may function in the same pathway (37,38), we
hypothesized that αA-crystallin overexpression would exacerbate the Hsc70-mediated
reduction in ENaC expression. We tested this hypothesis by measuring the amiloride-sensitive
currents of oocytes expressing ENaC in the presence of messages encoding either one or both
of these chaperones (Fig. 5). We found that Hsc70 and αA-crystallin reduced ENaC currents
by 44 and 38%, respectively. When expressed together, these chaperones reduced ENaC
current by 64%, a greater reduction in current than observed with either chaperone alone.
Because the combined effect of these two chaperones was not significantly different from the
additive effect calculated from these chaperones acting independently, we cannot differentiate
between these chaperones acting in independent pathways or acting cooperatively within the
same pathway. Nevertheless, these data verify that the αA-crystallin and Hsc70 chaperones
play an important role during ENaC biogenesis.

Discussion
Many of the events during ENaC biogenesis have been described, including Asn-linked
glycosylation in the ER, proteolytic cleavage in the trans-Golgi network, and Nedd4-2
mediated ubiquitination at or near the cell surface leading to channel retrieval and degradation
(12,33,39,40). In this work, we have begun to characterize the quality control mechanisms to
which ENaC subunits are subjected at early steps during their biosynthesis. We have shown
that mutation of genes required for ERAD in yeast decreased ENaC α subunit degradation and
that the deletion of genes encoding two functionally redundant sHsps, Hsp26 and Hsp42,
attenuated ENaC α subunit degradation. These α-crystallin domain-containing chaperones help
maintain the solubility of aggregation-prone proteins in yeast (28). We have also shown that
the sHsp αA-crystallin is expressed in mouse kidney tissue and in cortical collecting ducts cells
derived from mouse kidney that express ENaC. Others have found that αA-crystallin is
expressed in the liver and lung where ENaC subunits also reside (41,42). Further, we have
demonstrated that αA-crystallin and the ENaC α subunit co-immunoprecipitate, indicating
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direct or indirect physical interaction between the two proteins. A functional interaction can
be inferred by reduced channel activity when human αA-crystallin and wild type mouse ENaC
are co-expressed in oocytes. This effect depends on an active proteasome and was due to a
decrease in the number of channels at the cell surface caused by a reduction in the rate of
channel insertion.

Based on our data, we propose that ENaC subunits are subject to ER quality control via ERAD
and that this process is facilitated by α-crystallin domain-containing sHsps. It was previously
observed that sHsps selectively accelerate the degradation of ΔF508-CFTR and that these
sHsps may distinguish terminally misfolded forms of ΔF508-CFTR from the wild type protein
(11). In this study, we have utilized wild type ENaC α, β, and γ subunits. The question then
arises: why are sHsps targeting wild type ENaC for ERAD? In yeast expressing endogenous
sHsps, we observed that deletion of these sHsps resulted in a modest but significant reduction
of ENaC α subunit degradation. In Xenopus oocytes where human αA-crystallin and mouse
α, β, and γ ENaC subunits were overexpressed, we observed a dramatic and dose-dependent
decrease in ENaC expression. The simplest explanation for these data is an increased
degradation rate. Here we note that unlike CFTR, which is comprised of a single polypeptide
chain, ENaC is comprised of three different subunits. We also note that ENaC likely exits the
ER as an assembled channel (43). Thus, prior to and during ENaC subunit assembly, there may
be solvent-exposed hydrophobic subunit interfaces with the potential to nonspecifically
aggregate. This may account for the co-immunoprecipitation of uncleaved ENaC α subunit
with αA-crystallin. We therefore propose that sHsps maintain ENaC subunit solubility during
intermediate stages of folding or during subunit assembly. We also observed that the cleaved
form of the ENaC α subunit co-immunoprecipitated with αA-crystallin. Because the α subunit
is cleaved only after the channel has been assembled and transits through the trans-Golgi
network, this result suggests that αA-crystallin also interacts with the α subunit in other
compartments. Although this phenomenon may be related to ENaC overexpression in these
experiments, it is evidence that αA-crystallin may play additional roles in ENaC α subunit
biogenesis or trafficking.

Small heat shock proteins interact with a wide spectrum of cellular proteins (28), and thus the
question arises as to the specificity of action of distinct members in this family of molecular
chaperones. In other words, it is reasonable to ask whether the overexpression of αA-crystallin
will affect the biogenesis of every polytopic membrane protein that ultimately resides at the
cell surface. We recently showed that αA-crystallin overexpression in HEK293 cells only
decreases the stability of the ΔF508 mutant form of CFTR but had no effect on the maturation
of wild type CFTR (11). Although the nature of this specificity remains unclear, the data
indicate that this sHsp exhibits some specificity of action; thus, not every membrane protein
that transits through the secretory pathway is altered by αA-crystallin overexpression.

Given our recent finding that Hsc70 reduced ENaC functional expression (26), we tested the
hypothesis that Hsc70 augments the αA-crystallin effect on ERAD. We found that co-expressed
Hsc70 and αA-crystallin attenuated ENaC-mediated current to a larger extent than did αA-
crystallin alone. These data support our model that sHsps function at an ER quality control
branch point, where sHsp binding and stabilization leads either to native channel folding and
assembly or to ERAD. We propose further that ENaC subunits are stabilized in the pre-native
state by sHsps and that Hsp70 catalyzes conversion to the native state, consistent with our
recent observation that moderate overexpression of Hsp70 increases ENaC currents (26). These
processes depend on the ability of sHsps to efficiently disassemble and release the target
protein, which has been shown to be required for effective chaperone activity (44–47).
Although sHsps must dissociate from their targets at a finite rate, it remains unclear whether
dissociation is spontaneous or is catalyzed by the binding of other chaperones. In either case,
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sHsp overexpression would drive sHsp·target complex formation, which we suggest accounts
for the dose-dependent decrease in ENaC functional expression we observed in oocytes.

It has been shown that 80–99% of synthesized ENaC subunits do not reach the cell surface
where they can participate in transepithelial Na+ transport (43,48). Our results suggest that the
ERAD pathway, as one component of ER quality control, probably accounts for a significant
fraction of the degraded ENaC subunits. Although ENaC biosynthesis seems inherently
wasteful, the “waste” attributed to ERAD results in a higher quality product and blocks the
formation of potentially toxic species. In the future, it will be critical to identify other
modulators of ENaC ERAD, a pursuit that might have therapeutic consequences.
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FIGURE 1. ERAD of ENaC α subunit in yeast requires sHsps for maximal efficiency
ENaC HAαV5 degradation was measured by lysing cells at various times during a chase
following cycloheximide addition, and protein levels were quantified by Western analysis and
normalized to Sec61 levels. ENaC α subunit degradation was measured for both wild type (○)
and mutant (●) yeast, as indicated. n = 6 (hsp26Δhsp42Δ) or 4 (ufd1-1, cim3-1). *, p < 0.05
versus wild type yeast, determined by Student's t test.
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FIGURE 2. αA-crystallin is expressed in CCD cells and co-immunoprecipitates with ENaC α
subunit
αA-crystallin is expressed in mouse kidney tissue and cultured CCD cells (A and B). One
microgram of total RNA isolated from native mouse kidney tissue (A) or cultured CCD cells
(B) was reverse transcribed using oligo dT (dT) or random hexamers (dN6, CCD cells only)
as primers (n = 2). Negative controls were performed in reactions lacking reverse transcriptase
(No RT). Predicted reverse transcription-PCR product sizes were 224 bp for αA-crystallin outer
primers, 175 bp for αA-crystallin nested primers, and 174 bp for β-actin primers. Note that
only nested primers yielded a strong signal of the expected size. C, cultured CCD cell lysates
and cytoplasmic extracts were immunoblotted (IB) with mouse anti-αA-crystallin (n = 2).
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Purified bovine αA-crystallin protein was added as indicated. MDCK cell lysates were
immunoprecipitated and immunoblotted with anti-αA-crystallin (n = 3). αA-crystallin is
indicated with an arrow. D, ENaC α subunit and αA-crystallin co-immunoprecipitate. MDCK
cell extracts were transfected with vectors engineered for the expression of αA-crystallin,
ENaC αHA or αV5 subunit, and ENaC β and γ subunits as indicated. Extracts were
immunoprecipitated with the indicated amounts of either anti-HA antibody or anti-αA-
crystallin antibody. IB: αA-crystallin, n = 4; IB: HA, n = 2. αA-crystallin is indicated with an
arrow. The furin-cleaved (65 kDa, ►) and uncleaved (95 kDa, >) ENaC α subunit products
are also indicated.
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FIGURE 3. Effect of αA-crystallin co-expression on the functional expression of ENaC in
Xenopus oocytes
A, TEV measurements were performed at −100 mV with oocytes injected with 1 ng each of
cRNA encoding the α, β, and γ ENaC subunits and the indicated amounts of cRNA encoding
either αA-crystallin or γ-glutamyl transpeptidase (γ-GT). Base-line current was −2.5 μA (n ≥
16). *, p < 0.0001 versus 0 αA-crystallin, determined by ANOVA. B, effect of proteasomal
inhibition on the reduction of ENaC-mediated currents by αA-crystallin. The oocytes were
injected with 1 ng of cRNAs encoding each of α, β, and γ ENaC subunits and either water or
6 ng of αA-crystallin cRNA, as indicated. 3 h prior to TEV measurements at −100 mV, half
of the oocytes in each group were incubated with 6 μM MG-132. Base-line current was −5.5
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μA (n = 15). *, p < 0.05 versus all other groups, determined by ANOVA. C, surface expression
of oocytes co-expressing various amounts of αA-crystallin along with wild type α, γ, and βF

subunits was determined using anti-FLAG antibodies and a chemiluminescence assay. The
oocytes expressing wild type α, β, and γ subunits (no tag) were used to measure background
(n ≥ 20 for all groups). *, p < 0.001 versus 0 αA-crystallin, determined by ANOVA.
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FIGURE 4. Effect of αA-crystallin co-expression on the rates of ENaC cell surface delivery and
retrieval in Xenopus oocytes
A, surface delivery rates were determined from oocytes injected with cRNA encoding αS583C,
wild type β and γ ENaC subunits, and either water (○) or 6 ng of αA-crystallin cRNA (●). 24
h after injection, the oocytes were treated with MTSET for 4 min, and the currents were
measured by TEV at −100 mV every 30 s for 5 min (n = 10). The initial rates were determined
by linear regression from the first 2 min for each oocyte. The rates were −290 ± 19 and −170
± 33 nA/min in the absence and presence of αA-crystallin, respectively (p < 0.05, determined
by Student's t test). Wild type base-line current was −7.3 μA. B, surface retrieval rates were
determined from oocytes injected with cRNA encoding wild type α, β, and γ ENaC subunits
and either water (○) or 6 ng of αA-crystallin cRNA (●). The oocytes were incubated in bath
solution alone (data not shown) or bath solution supplemented with 5 μM brefeldin A. The
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currents were measured every 2 h by TEV at −100 mV (n = 8). The wild type base-line current
was −3.3 μA.
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FIGURE 5. Effect of Hsc70 on the inhibition of ENaC-mediated current by αA-crystallin
TEV measurements were performed at −100 mV. All of the oocytes were injected with 0.5 ng
of cRNAs encoding each of α, β, and γ ENaC subunits. 2 ng of cRNA for αA-crystallin and 10
ng of cRNA for Hsc70 were injected as indicated. n = 20 for each experiment. The base-line
current was −2.5 μA. *, p < 0.01 versus ENaC alone. #, p < 0.0001 versus ENaC alone, p <
0.05 versus ENaC + Hsc70. p values were determined by ANOVA.
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