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ABSTRACT The Hsp/c70 cytosolic chaperone system facilitates competing pathways of pro-
tein folding and degradation. Here we use a reconstituted cell-free system to investigate the 
mechanism and extent to which Hsc70 contributes to these co- and posttranslational deci-
sions for the membrane protein cystic fibrosis transmembrane conductance regulator (CFTR). 
Hsc70 binding to CFTR was destabilized by the C-terminal domain of Bag-1 (CBag), which 
stimulates client release by accelerating ADP-ATP exchange. Addition of CBag during CFTR 
translation slightly increased susceptibility of the newly synthesized protein to degradation, 
consistent with a profolding function for Hsc70. In contrast, posttranslational destabilization 
of Hsc70 binding nearly completely blocked CFTR ubiquitination, dislocation from the endo-
plasmic reticulum, and proteasome-mediated cleavage. This effect required molar excess of 
CBag relative to Hsc70 and was completely reversed by the CBag-binding subdomain of 
Hsc70. These results demonstrate that the profolding role of Hsc70 during cotranslational 
CFTR folding is counterbalanced by a dominant and essential role in posttranslational target-
ing to the ubiquitin-proteasome system. Moreover, the degradative outcome of Hsc70 bind-
ing appears highly sensitive to the duration of its binding cycle, which is in turn governed by 
the integrated expression of regulatory cochaperones.

INTRODUCTION
The endoplasmic reticulum (ER) is responsible for biosynthesis, 
translocation, integration, folding, and trafficking of membrane and 
secretory proteins in eukaryotic cells (Osborne et al., 2005; Cross 
et al., 2009; Skach, 2009). In addition, it maintains a stringent quality 
control system that degrades misfolded and unassembled proteins 
caused by genetic mutations, viral infections, and aging (e.g., cystic 
fibrosis, diabetes, autoimmune disease, Parkinson’s disease) (Kopito, 
1997; Meusser et al., 2005). ER-associated degradation (ERAD) is a 
multistep process that requires substrate recognition, retrotranslo-
cation, ubiquitination, and proteolysis (Vembar and Brodsky, 2008), 

in which cellular machinery within the ER lumen, ER membrane, and/
or the cytosol (Carvalho et al., 2006; Denic et al., 2006) maintains the 
delicate balance between protein folding and degradation.

Two cytosolic heat shock proteins of 70 kDa, stress-inducible 
Hsp70 and constitutively expressed cognate Hsc70, play important 
roles in both the biosynthesis and degradation of ERAD substrates. 
During de novo protein folding and under conditions of proteotoxic 
stress, Hsp/c70 iteratively binds hydrophobic patches of partially un-
folded and/or denatured proteins, thereby minimizing nonproductive 
aggregation in the crowded cytosolic environment (Schmid et al., 
1994; Hartl, 1996; Young et al., 2004; Kampinga and Craig, 2010). 
Binding occurs with a hydrophobic cleft in the Hsp/c70 substrate-
binding domain the access and affinity of which is controlled by nucle-
otide occupancy of its N-terminal ATPase domain. Weak interaction 
with client proteins is initiated in the ATP-bound state and stabilized 
by allosteric movement of a clamp-like structure upon ATP hydrolysis 
(Palleros et al., 1991; Hartl, 1996). Substrate recruitment and ATP hy-
drolysis are stimulated by a diverse family of Hsp40 (DNAJ) proteins, 
which result in formation of stable client–chaperone complexes (Fan 
et al., 2003; Summers et al., 2009; Kampinga and Craig, 2010). Simi-
larly, nucleotide exchange factors (e.g., Bag-1, HspBP1, and Hsp110) 
promote ADP/ATP exchange and substrate release (Höhfeld and 
Jentsch, 1997; Takayama et al., 1997; Bimston et al., 1998; Takayama 
and Reed, 2001; Shomura et al., 2005; Andréasson et al., 2008). 
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These interactions establish a canonical binding cycle in which protein 
aggregation is inhibited by transient shielding of exposed peptide 
loops that, when released, either become buried during productive 
folding or rebind Hsp/c70 (Hartl, 1996; Young et al., 2004; Kampinga 
and Craig, 2010). For client proteins that fold inefficiently, the Hsp/
c70 C-terminal domain interacts with a different set of cochaperones 
via a conserved tetratricopeptide repeat (TPR) binding motif. For ex-
ample, the TPR-containing protein HOP (p60) stimulates recruitment 
of Hsp90 chaperone complexes (Smith et al., 1993; Dittmar et al., 
1996; Frydman and Höhfeld, 1997), whereas the ubiquitin E3 ligase 
C-terminus of Hsp/c70-interacting protein (CHIP) catalyzes covalent 
attachment of polyubiquitin chains to terminally misfolded substrates, 
and thereby targets them for degradation via the ubiquitin protea-
some pathway (Connell et al., 2001; Meacham et al., 2001).

One well-studied Hsp/c70 substrate is the cystic fibrosis trans-
membrane conductance regulator (CFTR), a member of the ABC 
transporter superfamily (ABCC7). CFTR contains two transmem-
brane domains, each with six transmembrane segments, two cyto-
solic nucleotide binding domains (NBDs), and a cytosolic regulatory 
(R) domain (Figure 1A). In most cell types, CFTR folding is inefficient. 
Approximately 70% of wild-type protein and 99% of the most com-
mon inherited ΔF508 mutant are degraded via ERAD (Ward and 
Kopito, 1994; Ward et al. 1995; Riordan, 2008). Hsc70 is proposed 

to facilitate early steps of CFTR folding in 
conjunction with the Hsp40 cochaperone 
Hdj-2 (Meacham et al., 1999). Consistent 
with this profolding function, overexpression 
of stress-inducible Hsp70 and Hdj-1 stabi-
lizes the ER form of wild-type CFTR (Farinha 
et al., 2002), whereas Hdj-2 knockdown 
blocks CFTR folding (Grove et al., 2011). 
Hsc70 also promotes refolding of purified 
NBD1 in vitro (Strickland et al., 1997). Para-
doxically, the Hsc70-CHIP complex facili-
tates CFTR ubiquitination and increases 
degradation, both in cells and in vitro 
(Meacham et al., 2001; Younger et al., 2004). 
In addition, the cytosolic E3 ligase Nedd4-2, 
the membrane-bound E3 ligase RMA1, and 
the E4 ligase gp78 may also play roles in 
CFTR degradation through poorly under-
stood mechanisms (Younger et al., 2006; 
Morito et al., 2008; Caohuy et al., 2009). A 
persistent question arising from these ob-
servations is the extent to which two dia-
metrically opposed outcomes (i.e., produc-
tive folding vs. degradation) are coordinated 
by the Hsp/c70 system. This question has 
been difficult to answer unambiguously in 
cells, first, because protein synthesis, fold-
ing, and degradation are normally tightly 
coupled events and, second, because chap-
erone manipulation in cells is subject to ro-
bust homeostatic feedback mechanisms.

To address this issue, we developed an 
in vitro, cell-free system that allows one to 
physically and temporally separate the role 
of Hsp/c70 on cotranslational folding from 
its role in ERAD (Xiong et al., 1999; Carlson 
et al., 2006). Synthesis is carried out in rabbit 
reticulocyte lysate (RRL) supplemented with 
ER microsomes under conditions that recon-

stitute membrane integration, topogenesis, and early folding events 
(Xiong et al., 1999; Kleizen et al., 2005), but prevent ubiquitination. 
ER-associated degradation is then reconstituted using microsomes 
containing newly synthesized, full-length CFTR. In this system, syn-
thesis and degradation can be evaluated in native ER membranes 
under conditions that mimic the cytosolic environment (60–100 mg/
ml protein concentration). At the same time, this system is readily 
amenable to biochemical manipulation of Hsp/c70 and its cochap-
erones both during and after protein synthesis independently of its 
normally tightly regulated homeostatic feedback mechanisms and 
other essential functions (i.e., mitochondrial import, lysosomal tar-
geting, endocytosis) (Young et al., 2003; Chiang et al., 1989; Eisen-
berg and Greene, 2007). We now show that the timing of the Hsp/
c70 binding cycle plays a dominant and essential role in the post-
translational decision to initiate ubiquitination and substrate degra-
dation.

RESULTS
Reconstitution of CFTR synthesis and ERAD in vitro
To determine the relative role of Hsp/c70 in CFTR folding and deg-
radation, we used a well-characterized, cell-free reticulocyte lysate-
based (RRL) system that reconstitutes CFTR biosynthesis, core gly-
cosylation, membrane integration, early folding, and ER-associated 

FIGURE 1: In vitro synthesis and degradation of CFTR. (A) Schematic representation of CFTR 
showing membrane topology and approximate location of endogenous methionine residues. 
(B) Phosphorimage of CFTR translated in RRL in the presence of canine pancreas rough 
microsomes and [35S]Met. Aliquots were taken at indicated times and analyzed by 7% SDS–
PAGE and phosphorimaging. Migration of full-length CFTR protein is indicated. (C) Microsomes 
containing [35S]-labeled CFTR were collected and incubated at 37°C in RRL (minus hemin) in the 
presence of 100 μM MG132 (+MG132) or after ATP depletion by hexokinase and 
2-deoxyglucose (–ATP). Samples were analyzed by SDS–PAGE and phosphorimaging at times 
indicated. (D) Aliquots of degradation reaction were precipitated by TCA and analyzed by 
scintillation counting. The percentage of CFTR degraded into TCA-soluble fragments at each 
point is shown as mean ± SEM (n = 3).
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degradation (Xiong et al., 1999; Carlson et al., 2005; Matsumura 
et al., 2011). CFTR transcript was translated in RRL containing ER 
microsomes and [35S]methionine to generate a full-length, radiola-
beled, ∼160 kDa protein (Figure 1B) that is membrane integrated 
(Carlson et al., 2006) and contains both nonglycosylated and core-
glycosylated forms (Xiong et al., 1999). At 24°C, CFTR does not 
undergo ubiquitination but remains as a stable, full-length protein 

(Xiong et al., 1999). Moreover, because en-
dogenous mRNA is digested, CFTR is the 
only major protein synthesized, and it is ra-
diolabeled at 38 methionine residues dis-
tributed broadly throughout its sequence 
(Figure 1A and Carlson et al., 2006). This 
system therefore allows for convenient isola-
tion of native ER microsomes that contain 
newly synthesized, full-length CFTR protein. 
When added to RRL lacking exogenous 
hemin and incubated at 37ºC, CFTR is rap-
idly converted into a high molecular weight 
(HMW) ubiquitinated species (Figure 1C, left 
panel), and subsequently degraded (Xiong 
et al., 1999).

Under these conditions ∼70% of radiola-
beled CFTR protein is converted into trichlo-
roacetic acid (TCA)-soluble peptide frag-
ments within 2 h (Figure 1D), at which time 
the degradation activity of RRL declines 
(Carlson et al., 2006). Importantly, CFTR 
cleavage is ATP-dependent and inhibited 
(∼90%) by the proteasome inhibitor MG132 
(Figure 1D and Oberdorf et al., 2001). Note 
that MG132 does not block formation of 
ubiquitinated CFTR, whereas ATP depletion 
both stabilized full-length protein (Figure 1C) 
and prevented degradation (Figure 1D). In 
the absence of ATP, CFTR aggregates are 
also observed upon prolonged incubation 
(240 min) (Xiong et al., 1999; Carlson et al., 
2006). These results demonstrate that CFTR 
synthesis and degradation, two events that 
normally occur asynchronously in cells, can 
be temporally separated and independently 
analyzed.

CBag destabilizes Hsc70–CFTR 
interactions in vitro
The RRL system provides a unique opportu-
nity to evaluate the effects of Hsp/c70 ma-
nipulation in the absence of homeostatic 
feedback mechanisms normally present in 
cells. Hsc70 manipulation was accomplished 
using a C-terminal fragment of Bag-1 (CBag; 
residues 96–208 aa; Figure 2A and Supple-
mental Figure S1, A and B). CBag dissoci-
ates Hsp/c70, but not Hsp90, from client 
proteins by binding the ATPase domain of 
Hsp/c70 and promoting ADP–ATP exchange 
(Höhfeld and Jentsch, 1997; Takayama et al., 
1997; Young and Hartl, 2000; Brehmer et al., 
2001; Sondermann et al., 2001; Young et al., 
2003). Recombinant CBag also stimulated 
Hsc70 ATPase activity in vitro when incu-

bated in the presence of Hdj-2 (Supplemental Figure S1D). Immobi-
lized His-tagged CBag also recovered a single primary 70 kDa pro-
tein from RRL (Figure 2B) that was identified to be constitutive Hsc70 
by immunoblot using anti-Hsp/c70 antisera (Figure 2C). Inducible 
Hsp70 was undetected by immunoblot, as it is not present in sub-
stantial amounts in RRL (Brown et al., 1993). Trypsin digestion and 
mass spectrometry analysis of the recovered protein confirmed its 

FIGURE 2: CBag destabilizes Hsc70-CFTR interactions. (A) Schematic representation of Hsc70, 
Hsc70(229–309), Bag-1, and CBag. The peptide Hsc70(229–309) is the minimal CBag binding 
subdomain. (B) CBB staining of CBag affinity pull-down of RRL in the presence and absence of 
ATP. The predominant interacting partner in RRL is Hsc70. (C) Hsc70 immunoblot of wild type and 
E157A/K161A CBag pull-down from RRL showing ATP-dependent binding to CBag and reduced 
binding of mutant CBag. (D) Isolated microsomes containing newly synthesized CFTR were 
incubated with or without CBag and ATP for 1 or 3 min and immediately solubilized in Triton 
X-100. Samples were immunoprecipitated with nonimmune sera (NIS, lane 1), anti-CFTR antisera 
(lane 2), or anti-Hsp/c70 antisera (lanes 3–9). CBag + ATP decreased Hsc70 binding (lanes 6 and 9) 
compared with ATP or CBag alone. (E) Following CFTR synthesis, CBag was added to the 
translation reaction +/– hexokinase (to deplete ATP) for 10 min, and microsomes were collected, 
solubilized, and immunoprecipitated with NIS, anti-CFTR antisera (lane 2), or anti-Hsp/c70 
antisera. Incubation with CBag reduced Hsc70 binding in an ATP-dependent manner.
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identity to be Hsc70 (Supplemental Figure S2, A and B). As ex-
pected, CBag–Hsc70 interactions were destabilized by ATP, consis-
tent with CBag dissociation after ADP–ATP exchange (Figure 2, B 
and C, and Takayama et al., 1997). In addition, E157A/K161A CBag, 
which contains a mutated Hsc70 binding site (Briknarová et al., 
2001), exhibits reduced Hsc70 binding that is further decreased by 
ATP (Figure 2C). From these studies, we conclude that Hsc70 is the 
predominant CBag target in RRL, and binding to CBag is depen-
dent on its ATPase cycle (Young et al., 2003).

Because Hsp/c70 interacts with substrate through iterative bind-
ing cycles, an important and often overlooked aspect of function is 
the amount of time that it remains associated with substrate in a 
given cycle. To address this difficult question, microsomes contain-
ing Hsc70–CFTR complexes were isolated, and newly synthesized 
CFTR was coimmunoprecipitated with Hsp/c70 antisera following 
solubilization (Figure 2D, lane 3). Because cytosolic Hsc70 is re-
moved during microsome pelleting, it is not available for rebinding, 
thus allowing us to measure the duration of Hsc70 association to 
membrane-bound CFTR during a single release cycle. In the ab-
sence of ATP, Hsc70–CFTR complexes were remarkably stable 
(Figure 2D, lanes 3, 5, and 8) and persisted for several hours after 
solubilization (Xiong et al., 1999). On ATP addition, some Hsc70 re-
lease from CFTR was observed within 1 min, but complexes were 
still present at 3 min (Figure 2D, lanes 4 and 7). Some Hsc70 release 
is presumably due to the low intrinsic ADP–ATP exchange activity of 
substrate-bound Hsc70. In contrast, addition of CBag to isolated 
microsomes stimulated release of nearly all Hsc70 from CFTR within 
3 min (Figure 2D, lanes 3, 6, and 9). The increased rate of ADP–ATP 
exchange induced by CBag (Supplemental Figure S1D) therefore 
increases Hsc70 cycling as predicted, and markedly reduces the du-
ration of substrate association. Importantly, CBag plus ATP also re-
duced CFTR interaction with Hsc70 in RRL, which contains endoge-
nous Hsc70 and other cochaperones, indicating that stimulating 
substrate release also decreases the steady-state occupancy of 
CFTR by Hsc70 (Figure 2E, lanes 3–5). Thus CBag provides a means 
to investigate the physiological consequences of Hsc70–client inter-
actions in a native-like cytosolic environment.

Stable Hsc70–CFTR interactions are required for ERAD
To define the relative contribution of Hsc70 to CFTR maturation, we 
tested how CBag affected CFTR synthesis and degradation. CBag 
(approximately eightfold excess over endogenous Hsc70 in the 
translation reaction) had no discernible effect on CFTR synthesis 
(Figure 3A), but caused a dose-dependent decrease in CFTR degra-
dation as evidenced by stabilization of full-length protein (Figure 3B 
and Supplemental Figure S3, A and B) and inhibition of CFTR con-
version into TCA-soluble peptides (Figure 3C). E157A/K161A mu-
tant CBag, which exhibits reduced Hsc70 binding activity (Figure 2C 
and Briknarová et al., 2001), was also less efficient at blocking CFTR 
degradation (Figure 3D). Average degradation rates during the ini-
tial 60 min (expressed as % of CFTR converted into TCA-soluble 
fragments/min) were 0.67 ± 0.10%/min in the absence of CBag, 
0.27 ± 0.06%/min in 5 μM CBag, and 0.56 ± 0.05%/min in 5 μM 
E157A/K161A mutant CBag. The apparent IC50 values for CFTR 
degradation were 3.8 μM for wild-type CBag (approximately two-
fold excess over Hsc70 in the degradation reaction) and >20 μM for 
mutant CBag (Supplemental Figure 4). Thus the ability of CBag to 
block CFTR degradation depends on its Hsc70-binding activity.

Addition of excess recombinant Hsc70 or Hsp70 (20 μM) partially 
restored CFTR degradation in the presence of 5 μM CBag, whereas 
degradation was completely restored by an Hsc70 fragment (resi-
dues 229–309 aa, Figure 2A) containing the minimal CBag binding 

subdomain (Brive et al., 2001) (Figure 3E). Additional experiments 
confirmed that the Hsc70(229–309) fragment was substantially more 
potent than Hsc70 at restoring CBag-inhibited CFTR degradation 
(Figure 3F). Importantly, addition of Hsc70, Hsp70, or Hsc70(229–
309) alone had minimal effect on CFTR degradation at concentra-
tions between 1 and 20 μM (Figure 3, G and H, and unpublished 
data). On the basis of these data, we conclude that CBag inhibits 
CFTR degradation by destabilizing Hsc70 binding to CFTR.

Hsc70 exerts a predominant and essential role  
in CFTR ERAD
To better understand the co- and posttranslational role(s) of Hsc70, 
we next carried out CFTR synthesis in the presence of 10 μM CBag. 
Microsomes were then collected, and degradation was performed 
in the absence of CBag. Under these conditions, a slight but repro-
ducible increase in CFTR degradation was observed (Figure 4A), 
indicating that stimulating Hsc70 release during synthesis alters 
cotranslational folding events such that CFTR acquires a slightly 
more ERAD-sensitive conformation. Similar results were obtained 
for ΔF508 CFTR (Supplemental Figure S5B), which is consistent with 
previous studies showing that wild type and ΔF508 CFTR are 
degraded in a similar manner in RRL (Oberdorf et al., 2005, and Sup-
plemental Figure 5A). In contrast, regardless of whether Hsc70 bind-
ing was perturbed during synthesis, posttranslational addition of 
CBag strongly inhibited CFTR degradation (Figure 4, B and C). These 
results indicate that Hsc70 promotes CFTR folding cotranslationally, 
but exerts a dominant effect after synthesis is complete when it func-
tions to target newly synthesized protein into the ubiquitin–protea-
some pathway. In addition, the marked stabilization of CFTR protein 
by SDS–PAGE and near complete block in TCA fragment generation 
suggest that Hsc70 plays an essential role in CFTR degradation.

The Hsc70 binding cycle is required for CFTR ubiquitination
ERAD of polytopic membrane proteins is a multistep process that 
requires ubiquitination, dislocation from the ER membrane, unfold-
ing, delivery to the proteasome, and proteolytic cleavage. Because 
one function of Hsc70 is to recruit the E3 ligase CHIP, we reasoned 
that rapid release of Hsc70 from substrate might potentially block 
the initial step of ubiquitination. During the in vitro degradation re-
action, polyubiquitinated CFTR was visualized following immuno-
precipitation with anti-ubiquitin antibody, and this intermediate was 
further stabilized by the proteasome inhibitor MG132 (Figure 5A, 
lanes 1, 2, and 4). Smaller ubiquitinated CFTR fragments were also 
observed which result from rare cleavage events by residual protea-
some activity even in the presence of MG132 (Carlson et al., 2006, 
and Supplemental Figure 6). Consistent with our prediction, addition 
of CBag strongly decreased ubiquitinated CFTR (Figure 5A, lanes 3 
and 5), confirming that functional Hsc70 interactions are required for 
substrate ubiquitination.

Our results suggest that the timing of Hsc70 interactions is im-
portant for recruitment of one or more ubiquitin E3 ligase(s). We 
therefore examined whether the presence of CBag decreased the 
amount of CHIP associated with newly synthesized CFTR. CBag or 
hexokinase (to deplete ATP) was added to the translation reaction 
after CFTR synthesis, and microsomes were collected, solubilized, 
and incubated with immobilized glutathione S-transferase (GST)-
tagged CHIP (Figure 5B). As expected, CFTR pull-down was in-
creased upon ATP depletion, whereas incubation with CBag (to re-
move Hsc70) nearly completely blocked this interaction (Figure 5B, 
lanes 2–4). Similarly, when isolated microsomes containing radiola-
beled CFTR were incubated with CBag and ATP for just 1 min (as in 
Figure 2D), CFTR pull-down by immobilized CHIP was markedly 
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reduced (Figure 5C). In vitro binding experi-
ments further showed that CBag did not 
have a direct effect on CHIP interaction with 
Hsc70 (Supplemental Figure 7). Thus we 
conclude that, by releasing Hsc70 from 
CFTR, CBag reduces the amount of CFTR 
available for CHIP. Taken together, these re-
sults indicate that the ability to recruit ubiq-
uitination machinery is determined by the 
duration of Hsc70 binding cycle.

Hsc70 binding is required for CFTR ER 
dislocation
Under normal physiological conditions, 
CFTR dislocation and proteolysis are tightly 
coupled, and CFTR is released from the ER 
membrane as TCA-soluble fragments (Xiong 
et al., 1999; Oberdorf et al., 2006), because 
proteolytic capacity of the proteasome ex-
ceeds the ability of AAA-ATPases, p97 (VCP/
CDC48) and the 19S proteasome regulatory 
subunit, to unfold and extract CFTR from 
the lipid bilayer (Ye et al., 2001; Lee et al., 
2004; Carlson et al., 2006; Oberdorf et al., 
2006; Matsumura and Skach, 2009). Inhibi-
tion of β-subunit activity, however, uncou-
ples extraction from proteolysis and allows 
one to measure retrotranslocation indepen-
dently of peptide cleavage. Because ubiq-
uitination is generally believed to provide 
the signal for p97 and/or 19S recruitment, 
we tested whether stimulating Hsc70 re-
lease from CFTR also prevented dislocation 
from the membrane. Microsomes contain-
ing newly synthesized CFTR were incubated 
in RRL in the presence or absence of CBag, 
and proteolytic activity of the proteasome 
was inhibited by MG132. Reactions were 

FIGURE 3: Destabilization of Hsc70 binding by CBag blocks CFTR degradation. 
(A) Phosphorimage of CFTR translation reaction performed in the presence or absence of 10 μM 
CBag. Asterisk shows full-length CFTR. (B) CFTR was synthesized in the absence of CBag and 
subjected to in vitro degradation in the presence (right) or absence (left) of 20 μM CBag. 
Asterisk shows full-length CFTR. (C) CFTR was synthesized in the absence of CBag and 
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then separated into pellet (membrane) and supernatant (cytosolic) 
fractions to monitor the rate at which CFTR is released from the ER. 
In the absence of MG132, the total amount of cytosolic (dislocated) 
CFTR was indistinguishable from the TCA-soluble counts (Figure 
6A, graph), indicating that CFTR is released from the membranes 
solely as small peptide fragments (Oberdorf et al., 2006). Indeed, no 
protein bands were detected in the cytosolic fraction by SDS–PAGE 
(Figure 6A, bottom gel). Addition of CBag dramatically decreased 
release of CFTR into the cytosol (Figure 6A, graph) consistent with 
impaired degradation, although a small number of cytosolic counts 
were still present as TCA-soluble fragments.

In the presence of MG132, nearly all CFTR released into the 
cytosol was in the form of TCA-insoluble fragments (Figure 6B, 
graph) that were visualized as both HMW (ubiquitinated) species 
and degradation intermediates (Figure 6B, bottom gel). Under 
these conditions, CBag again decreased CFTR release into the cy-
tosol (Figure 6B, graph) and prevented the appearance of both the 

ubiquitinated and partially degraded frag-
ments (Figure 6B, bottom gel). Thus stimu-
lating release of Hsc70 from CFTR by CBag 
not only prevents CFTR ubiquitination, but 
also prevents dislocation and release from 
the ER membrane, even in the absence of 
proteolytic cleavage.

Molar excess of CBag is required to 
destabilize Hsp/c70 binding and inhibit 
CFTR degradation
In contrast to our results, those of prior stud-
ies have shown that overexpression of full-
length Bag-1 does not rescue CFTR expres-
sion in human embryonic kidney (HEK) 293 
cells (Dai et al., 2005). One possibility is that 
the N-terminal ubiquitin-like domain of 
Bag-1 (Figure 1A) might have prodegrada-
tive properties (Demand et al., 2001) that 
counteract stabilizing properties of the C-
terminal fragment. Alternatively, differences 
might exist between intact cells and our in 
vitro system. We therefore cotransfected 
wild type and ΔF508 CFTR with CBag or 
Bag-1 into HEK293 cells. For wild-type 
CFTR, steady-state levels of band B (ER 

form) and band C (post-Golgi form) CFTR were unchanged by either 
CBag or Bag-1 overexpression (Figure 7, A and B). For ΔF508 CFTR, 
band B remained unchanged and band C was not detected. Pulse-
chase experiments also showed that CBag overexpression did not 
affect CFTR synthesis (Supplemental Figure S8) or the efficiency of 
CFTR processing from band B to band C in wild type (Figure 7C and 
Supplemental Figure S8A) or ΔF508 CFTR (Figure 7D and Supple-
mental Figure S8B). Apparent stability for the band B form of ΔF508 
CFTR was also unchanged (T1/2 value, 50 vs. 53 min; Supplemental 
Figure S8). Thus the inhibitory effect of CBag on CFTR degradation 
is not simply due to the absence of its ubiquitin-like domain.

Why then does CBag inhibit CFTR degradation in vitro? One ad-
vantage of cell-free systems is that the stoichiometry of CBag and 
Hsp/c70 can be precisely controlled, whereas this is much more 
difficult in cells. Quantification of endogenous Hsp/c70 in HEK293 
cells (based on purified His-tagged proteins) revealed cellular ex-
pression levels of ∼1.5 pmol and ∼3 pmol/25 μg total protein, or ∼12 

FIGURE 4: Hsc70 binding cycle has a dominant and essential role in CFTR degradation. (A) CFTR 
was synthesized in the presence of 10 μM CBag and subjected to an in vitro degradation assay 
without CBag. The percentage of CFTR degraded into TCA-soluble fragments at each point is 
shown. (B) CFTR was synthesized in the absence of CBag and subjected to an in vitro 
degradation assay with 20 μM CBag. (C) CFTR was synthesized in the presence of 10 μM CBag 
and subjected to an in vitro degradation assay in the presence of 20 μM CBag. In (B) and (C), 
result without CBag in translation and degradation (from A) is shown as broken line for 
comparison. Data show mean ± SEM (n = 4–5).
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Hsc70 
(μM)

Hsp70 
(μM)

Total Hsp/c70  
(μM)

Exogenous CBag 
or Bag-1 (μM)

Total Hsp/c70 : Exogenous 
CBag or Bag-1

T1/2 of full-length 
CFTR (min)

RRL 2 n.d. 2 – – 25 

RRL + 2 μM CBag 2 n.d. 2 2 1 : 1 34 

RRL + 5 μM CBag 2 n.d. 2 5 1 : 2.5 55 

RRL + 10 μM CBag 2 n.d. 2 10 1 : 5 94 

RRL + 20 μM CBag 2 n.d. 2 20 1 : 10 116 

HEK293 12 24 36 - – 50 

HEK293 + CBag 12 24 36 1.6 1 : 0.04 53 

HEK293 + Bag-1 12 24 36 4.8 1 : 0.13 n.e.

COSm6 12 n.d. 12 - n.e.

COSm6 + CBag 12 n.d. 12 1.6 1 : 0.13 n.e.

T1/2 values in RRL are from stability of full-length, wild-type CFTR in in vitro degradation assays (Supplemental Figure 3), whereas those in HEK293 cells are from 
stability of band B form of ΔF508 CFTR in pulse-chase assays (Supplemental Figure 8). n.d., not detected; n.e., not examined.

TABLE 1: Relationship between stoichiometry of Hsp/c70 to CBag and stability of full-length CFTR.
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and ∼24 μM, respectively (see Table 1). Overexpression of CBag and 
Bag-1 achieved cellular concentrations of 1.6 and 4.8 μM, respec-
tively, and a ratio of Hsp/c70 to CBag and Bag-1 of 1:0.04 and 1:0.13 

FIGURE 5: Hsc70 binding is required for CFTR ubiquitination. 
(A) Microsomes containing newly synthesized CFTR were subjected to 
an in vitro degradation assay in the presence of 20 μM CBag and 
100 μM MG132 as indicated. At T = 1 h, aliquots were 
immunoprecipitated with anti-(mono-/poly-) ubiquitin antibody (FK2) 
or NIS and analyzed by SDS–PAGE and phosphorimaging. Right gel 
shows 25% input of sample before immunoprecipitation. (B) Following 
CFTR synthesis, hexokinase (lanes 1 and 2), buffer (lane 3), or 
His-CBag (lane 4) was incubated with translation reaction for 10 min. 
CFTR was then solubilized and pulled down with immobilized GST 
(lane 1) or GST-CHIP (lanes 2–4). (C) Isolated microsomes containing 
newly synthesized CFTR were incubated with or without CBag and 
ATP for 1 min to release Hsc70 and immediately solubilized in Triton 
X-100. Samples were incubated with immobilized GST(lane 1) or 
GST-CHIP (lanes 2–4). Bottom gels (B and C) show CBB staining of 
GST proteins.
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(Figure 7E and Table 1). Although the actual CBag and Bag-1 levels 
are slightly higher when corrected for transfection efficiency (80–
90%), both proteins would still be present in substoichiometric 
amounts relative to Hsp/c70. Importantly, CBag and Bag-1 overex-
pression had no detectable effect on Hsc70 and Hsp70 levels 
(Figure 7E) and did not appear to induce a stress response based on 
Hsp90β, BiP, or Hdj-2 (Supplemental Figure S9). When compared 
with in vitro conditions, a ratio of Hsp/c70 to CBag of 1:2.5, 1:5, and 
1:10 yielded twofold, fourfold, and fivefold increases in CFTR T1/2, 
respectively, and no effect was observed for ratios of 1:1 or lower 
(Supplemental Figure 3 and Table 1). Similar results were obtained 
for CBag overexpression in COSm6 cells, which predominantly ex-
press Hsc70 (12 μM, Table 1). Thus enhancement of CFTR stability 
strongly depends on the stoichiometry, and in vitro results actually 
agree well with those obtained in cells in which it is exceedingly dif-
ficult, if not impossible, to achieve CBag levels that exceed endog-
enous Hsp/c70.

DISCUSSION
In this study, we used CBag, a nucleotide exchange factor, to selec-
tively destabilize co- and posttranslational interactions between 
Hsc70 and a known client substrate CFTR. This strategy enabled us 
to distinguish the role of Hsc70 in CFTR maturation during and im-
mediately following synthesis, from its role in posttranslational pro-
cessing and ERAD. We show that destabilizing Hsc70–client binding 
during synthesis had no effect on CFTR translation but resulted in a 
protein product that was more susceptible to degradation. This find-
ing supports those of previous studies that Hsc70 assists de novo 
folding of CFTR in the cellular environment (Meacham et al., 1999; 
Younger et al., 2004; Grove et al., 2011). The profolding effect we 
observed, however, was modest, possibly because the major popu-
lation of CFTR is already subject to degradation (Ward and Kopito, 
1994), or alternatively because Hsc70-mediated folding is relatively 
insensitive to the duration of the Hsc70–CFTR binding cycle. In con-
trast, selective destabilization of posttranslational Hsc70 binding al-
most completely inhibited CFTR degradation. This inhibition was 
manifest by a marked decrease in the rate and extent of CFTR ubiq-
uitination, dislocation from the ER membrane, and proteasome-
mediated cleavage. Taken together, these results reveal that Hsc70 
plays a dominant role in targeting CFTR to the ERAD pathway.

Studies in vitro, in mammalian cells, and in yeast have shown that 
Hsp/c70 promotes CFTR (re)folding and degradation (Strickland 
et al., 1997; Meacham et al., 1999, 2001; Zhang et al., 2001; Younger 
et al., 2004; Grove et al., 2011). It has been difficult, however, to 
determine the extent of profolding and prodegradative functions of 
Hsp/c70 because both processes occur simultaneously in cells, and 
because manipulating Hsp/c70 function induces homeostatic feed-
back regulation of chaperone and cochaperone pools (Okiyoneda 
et al., 2010). The cell-free system used here overcomes these limita-
tions. RRL lacks endogenous transcriptional mechanisms but main-
tains a native-like proteostatic environment with a complete com-
plement of biosynthetic machinery (Nimmesgern and Hartl, 1993; 
Frydman et al., 1994) and a robust ubiquitin–proteasome system 
that reflects the terminally differentiated state of reticulocytes (Xiong 
et al., 1999; Oberdorf and Skach, 2002; Matsumura and Skach, 
2009). Thus it provides the unique ability to 1) manipulate (co)chap-
erones without inducing compensatory feedback mechanisms; 2) 
analyze stoichiometry of (co)chaperones; 3) monitor specific steps 
of membrane integration, ubiquitination, dislocation, and proteoly-
sis; and 4) directly evaluate substrate fate by both SDS–PAGE and 
conversion to TCA-soluble peptides (Frydman et al., 1994; Terada 
et al., 1997; Carlson et al., 2006; Matsumura and Skach, 2009). Most 
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importantly, our conditions allow the effects of chaperone function 
during synthesis to be analyzed independently of degradation pro-
cesses. Hsc70 is the major Hsp70 family member present in RRL and 
the predominant CBag binding partner. The striking inhibitory effect 
of CBag on CFTR degradation, the loss of inhibition by a mutant 
with impaired Hsc70 binding, and restoration of degradation by 
Hsc70 or the Hsc70(229-309) fragment confirm that CBag effects on 
CFTR stability are mediated via its action on Hsc70.

Although Hsc70 and Hsp70 are generally considered to have 
similar functions in cells, a recent study showed that Hsc70 overex-
pression increased turnover of ENaC channels at the plasma 

membrane, whereas Hsp70 overexpression 
increased surface expression, possibly by 
improving trafficking (Goldfarb et al., 2006). 
RRL contains ∼2 μM of endogenous Hsc70 
but undetectable Hsp70. Interestingly, addi-
tion of recombinant Hsc70 or Hsp70 had 
minimal effect on CFTR degradation at con-
centrations between 1 and 20 μM (Figure 3, 
G and H). Furthermore, addition of recombi-
nant Hsp70 partially restored CBag inhibi-
tion of CFTR degradation to a similar extent 
as Hsc70 (Figure 3E). Therefore, differential 
effects of Hsc70 and Hsp70 were not ob-
served here for CFTR, suggesting that they 
may be either substrate specific or depen-
dent on levels of other (co)chaperones.

Based on stimulation of Hsc70 ATPase 
activity and rapid release of Hsc70 from 
CFTR (<1–3 min), it is likely that CBag acts 
by increasing the off-rate for Hsc70 binding 
(Sondermann et al., 2001). Such an effect 
should increase Hsc70 cycling and thereby 
decrease the time that a client remains 
bound during a given ATP binding cycle. 
When this occurs during synthesis, the effect 
on cotranslational folding is minor, and CFTR 
is rendered only slightly more susceptible to 
degradation. Inhibition of posttranslational 
Hsc70 binding, however, dramatically stabi-
lizes newly synthesized substrate. This find-
ing suggests that the timing of Hsc70 asso-
ciation, rather than binding per se, may be 
the most important determinant of degrada-
tion. Given that ubiquitination is directly in-
hibited by CBag, our results indicate that the 
ability to recruit ubiquitination machinery is 
determined by the duration of Hsp/c70 
binding to unfolded substrates. When the 
Hsp/c70–CFTR complex cycles slowly, ubiq-
uitination machineries have adequate time 
to carry out ubiquitination. It is notable that 
the Hsc70 cochaperone CHIP also slows ATP 
hydrolysis by Hsp/c70 and stabilizes Hsp/
c70–client interaction, which may further fa-
vor ubiquitination (Ballinger et al., 1999; 
Meacham et al., 2001; Rosser et al., 2007). In 
contrast, rapid dissociation of the Hsp/c70–
CFTR complex prevents this process. In our 
hands, CHIP failed to recognize CFTR after 
the Hsc70–CFTR complex was dissociated in 
the presence of CBag (Figure 5, B and C). 

Although it is exceedingly difficult to determine precisely how long 
Hsc70 remains bound to client, we observed that newly formed 
Hsc70–CFTR complexes in isolated microsomes remained detect-
able for at least 3 min upon addition of physiological ATP concentra-
tion (coimmunoprecipitation, Figure 2D) but were nearly completely 
abolished within 1–3 min in the presence of CBag plus ATP. A crude 
approximation of time needed for Hsc70 to initiate CFTR ubiquitina-
tion would therefore be on the order of a few minutes, although it is 
likely that many factors could influence this process.

The finding that Hsc70 is essential for CFTR ubiquitination 
has important mechanistic implications for ERAD. At least three 

FIGURE 6: Hsc70 is required for CFTR dislocation. (A) Microsomes containing newly synthesized 
CFTR were subjected to in vitro degradation in the presence or absence of CBag. At indicated 
times, aliquots were separated into pellet (membrane) and supernatant (cytosol) fractions. 
Graph shows the total amount of CFTR released into the cytosol compared with percentage of 
TCA-soluble CFTR at each time point (mean ± SEM, n = 4). Bottom panels show phosphorimage 
of membrane and cytosol fractions. (B) CFTR degradation was carried out as in (A), but in the 
presence of both MG132 and CBag. Graph shows TCA-soluble and total CFTR released from 
membranes (mean ± SEM, n = 4), whereas gels show SDS–PAGE and phosphorimaging. In the 
presence of MG132, CFTR is released from membranes as both a HMW species and partially 
degraded fragments. In the presence of CBag, both of these forms were barely detected.

0 30 60 12
0 

m
in

0 30 60 12
0 

m
in

-CBag +CBag

220

97

66

kDa

220

97

66

kDa

45

30

Memb.

Cyto.

0 30 60 12
0 

m
in

0 30 60 12
0 

m
in

-CBag +CBag

220

97

66

kDa

220

97

66

kDa

45

30

Memb.

Cyto.

TCA-sol. (-CBag)

Total released (-CBag)

TCA-sol. (+CBag)

Total released (+CBag)

0

20

40

60

80

C
ou

nt
s 

(p
er

ce
nt

ag
e)

0 30 60 90 120
Time (min)

-MG132

TCA-sol. (-CBag)

Total released (-CBag)

TCA-sol. (+CBag)

Total released (+CBag)

0

20

40

60

80

0 30 60 90 120
Time (min)

+MG132A B



Volume 22 August 15, 2011 Essential role of Hsc70 on CFTR ERAD | 2805 

et al., 2007). For example, overexpression of 
cysteine string protein (Hsp40 homolog) 
(Zhang et al., 2006) or Bag-2 (Dai et al., 2005) 
slightly increased steady-state levels of ER 
forms of wild type or ΔF508 CFTR but had 
relatively little effect on the efficiency of 
CFTR trafficking. Similarly, inhibition of Hsc70 
with the small molecule, deoxyspergualin, 
increased CFTR chloride channel activity but 
failed to achieve a biochemically detectable 
correction (Jiang et al., 1998). High concen-
trations of sodium 4-phenylbutyrate, which 
inhibits histone deacetylases (Chen et al., 
2003), down-regulates Hsc70 (Rubenstein 
and Zeitlin, 2000; Rubenstein and Lyons, 
2001) and possibly up-regulates Hsp70 
(Choo-Kang and Zeitlin, 2001) but minimally 
restores CFTR function in cells and cystic fi-
brosis patients (Rubenstein et al., 1997; 
Rubenstein and Zeitlin, 1998). One difficulty 
encountered by these approaches is that 
Hsp/c70 functions are influenced by cochap-
erone levels, which may explain, in part, the 
more robust CFTR correction observed for 
the histone deacetylase inhibitor, suberoyla-
nilide hydroxamic acid (Hutt et al., 2010). 
Because knockdown of CHIP ubiquitin ligase 
in cells increases both immature and mature 
CFTR (Grove et al., 2009), an attractive strat-
egy might be to target Hsp/c70 interactions 
that specifically couple to ubiquitination ma-
chinery. Such compounds could specifically 
inhibit the prodegradative role of Hsp/c70 
without interfering with its profolding role 
and could be used to restore CFTR function 
in patients.

MATERIALS AND METHODS
Plasmids
Mammalian expression plasmids pc-CFTR and pc-CFTRΔF508 were 
generated using pSPCFTR (Xiong et al., 1997; Carlson et al., 2006) 
by two-step ligation of a ∼2.2 kb HindIII–EcoRI CFTR 5’-cDNA frag-
ment and a ∼4.1 kb XbaI–XbaI 3’-cDNA fragment into pcDNA3. Rat 
Hsc70 cDNA (provided by Jason C. Young; Tzankov et al., 2008) was 
subcloned into the NdeI and BamHI sites of pET15b to obtain 
pET15b–Hsc70. The Hsc70 cDNA fragment encoding amino acids 
229–309 was amplified by PCR and ligated into the NcoI and XhoI 
sites of pET30 to obtain pET30–Hsc70(229–309). E157A/K161A mu-
tant CBag plasmid was generated from pProEx-CBag (encoding 
residues 96–208 of human Bag-1, provided by Jason C. Young; 
Bhangoo et al., 2007) by PCR overlap extension using complemen-
tary sense and antisense oligonucleotides. Mouse Bag-1 cDNA 
from plasmid pcI-FLAG–Bag-1 (provided by Shinichi Takayama; 
Takayama et al., 1997) was amplified by PCR and ligated into the 
XhoI site of pET15b to obtain pET15b–Bag-1. A HindIII fragment of 
His6-tagged CBag cDNA was generated by PCR and ligated into 
the HindIII site of pcDNA3 to obtain pc-CBag. Human CHIP cDNA, 
provided by D.M. Cyr (Younger et al., 2004), and Hsc70 cDNA were 
subcloned into the BamHI and XhoI site of pGEX4T.1 to obtain 
pGEX4T.1–CHIP and pGEX4T.1–Hsc70, respectively. All PCR-ampli-
fied sequences were confirmed by DNA sequencing. Detailed clon-
ing procedures are available upon request.

ubiquitin E3 ligases – CHIP, RMA1, and Nedd4-2 – and one E4 li-
gase (gp78) have been shown to mediate CFTR ubiquitination 
(Meacham et al., 2001; Younger et al., 2006; Morito et al., 2008; 
Caohuy et al., 2009). CHIP is a cytosolic U-box protein that forms a 
ternary complex with Hsc70–CFTR through its TPR motif, and is pro-
posed to act in concert with the E2 enzyme, UbcH5 (Meacham et al., 
2001; Younger et al., 2004). In contrast, RMA1 is a RING domain ER 
protein proposed to recognize misfolded CFTR transmembrane do-
mains (Younger et al., 2006). Interestingly, RMA1 was recently found 
to be associated with Hsc70–CFTR (Grove et al., 2011). Hsp70 also 
recruits substrate to a different transmembrane E3 ligase (Doa10p) 
in yeast (Nakatsukasa et al., 2008). The precise mechanisms by 
which Hsp/c70 functions to bridge clients and diverse ubiquitination 
machineries at the mammalian ER therefore remains an important 
question.

In eukaryotic cells, homeostasis of newly synthesized proteins is 
maintained by the balance between chaperone/cochaperone fold-
ing machinery and the ubiquitin proteasome system. This proteo-
static environment, and hence the fate of unstable client proteins, is 
tightly regulated by cell type, differentiation state, signaling path-
ways, stress, aging, and so forth (Balch et al., 2008; Mu et al., 2008; 
Hutt et al., 2009). To date, exploitation of the Hsp/c70 axis (including 
Hsp40/DnaJ proteins and nucleotide exchange factors) as a means 
to overcome defective CFTR folding has met with limited success 
(Alberti et al., 2004; Youker et al., 2004; Arndt et al., 2005; Ahner 

FIGURE 7: Relative stoichiometry of Hsp/c70 and CBag determines CFTR stability. (A) Wild-type 
or ΔF508 CFTR was cotransfected with CBag or Bag-1 into HEK293 cells. Forty-eight hours after 
transfection, cells were harvested, and lysates were analyzed by immunoblotting with anti-CFTR 
antibody. Immature ER (Band B) and Golgi-processed (Band C) forms are indicated. (B) CFTR 
levels were quantitated by densitometry and are presented as mean ± SEM (n = 5). (C and D) 
Wild type (C) and ΔF508 (D) CFTR were transfected +/– CBag in HEK293 cells. Twenty-four hours 
after transfection, cells were pulsed with [35S]Met/Cys for 15 min, and chased for indicated times 
as described in Materials and Methods. Whole-cell lysate was immunoprecipitated with 
anti-CFTR antisera and analyzed by SDS–PAGE and phosphorimaging. Asterisk denotes a 
background band. (E) Immunnoblot of Hsc70, Hsp70, Bag-1, and CBag in whole-cell lysate (25 
μg) from transfected cells as in (A). Purified His-tagged proteins used to quantitate results are 
shown in the right three lanes of each gel. Ratio of total endogenous Hsp/c70 to transfected 
CBag and Bag-1 are estimated to be 1:0.04 and 1:0.13, respectively (see Table 1).
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For the dislocation assay, microsomes were pelleted at each time 
point by centrifugation at 180,000 × g for 10 min through 0.5 M su-
crose in buffer A. Supernatant was then either counted directly (total 
CFTR released from membrane), counted after precipitation in 20% 
TCA (TCA-soluble counts released), or analyzed by SDS–PAGE and 
phosphorimaging. The percentage of total CFTR protein released 
from the membrane and the percentage of TCA-soluble counts re-
leased from the membrane at each time point were calculated as 
described earlier in text. Gels were placed onto phosphor screens 
and analyzed with a Personal FX PhosphorImager and QuantityOne 
software (Bio-Rad, Hercules, CA).

Cell culture experiments
HEK293 and COSm6 cells were grown at 37°C under 5% CO2 in 
DMEM (Invitrogen, Carlsbad, CA) supplemented with 10% fetal calf 
serum and penicillin/streptomycin as described previously 
(Matsumura et al., 2008; Pratt et al., 2009). For transient transfec-
tion, HEK293 cells (3 × 105) were seeded into 35-mm dishes or six-
well plates and, after 24 h, were cotransfected with 1.25 μg of 
pcDNA3, pc-CBag, or pcI-FLAG-Bag-1 and 1.25 μg of pc-CFTR or 
pc-CFTR-ΔF508 by calcium-phosphate precipitation (Kingston et al., 
2003). For transfection into COSm6 cells, TransIT-LT transfection re-
agent (Mirus, Madison, WI) was used as described (Buck and Skach, 
2005). Transfected cells were cultured for 48 h, harvested, flash fro-
zen, and stored at −80°C until immunoblot analysis. For pulse-chase 
experiments, transfected cells were cultured for 24 h in six-well 
plates, placed in cysteine and methionine-free medium for 30 min, 
pulsed with 100 μCi/well of Trans35S-label for 15 min, and chased for 
0–2 h in fresh medium with cysteine and methionine, harvested, 
flash frozen, and stored at −80°C until analysis.

Immunoblot, immunoprecipitation, and His and GST protein 
pull-down assay
Cells were lysed in 500 μl of buffer B (20 mM HEPES-NaOH, 
pH 7.5, 150 mM NaCl, 1 mM EDTA, 1% [vol/vol] Triton X-100, 
0.1% [wt/vol] SDS, 0.5% [wt/vol] sodium deoxycholate) containing 
complete protease inhibitor (PI) mixture (Roche Applied Science, 
Indianapolis, IN) (Matsumura et al., 2006). After clarification of 
lysate at 16,000 × g at 4°C for 20 min, aliquots (25 or 50 μg of 
protein) were separated on an SDS–PAGE gel and transferred to a 
polyvinylidene fluoride membrane (Bio-Rad Laboratories). Mem-
branes were blocked with 5% (wt/vol) skim milk in TTBS (20 mM 
Tris-HCl, pH 7.5, 137 mM NaCl, and 0.05% [vol/vol] Tween 20) for 
1 h and incubated with the following antibodies/sera overnight:  
1) rat monoclonal anti-CFTR antibody 3G11 (provided by CFTR 
Folding Consortium, www.cftrfolding.org), 1:10,000; 2) mouse anti-
Hsp/c70 antibody (N-27; gift of William J. Welch; Brown et al., 
1993), which recognizes both Hsp70 and Hsc70, 1:5000; 3) rabbit 
anti-CBag antisera (gift of F. Ulrich Hartl; Gamerdinger et al., 2009), 
1:5000; 4) rabbit anti-Hsp90β antibody (gift of Ineke Braakman, 
Utrecht University, Netherlands), 1:5000; 5) rabbit anti-BiP antibody  
(SPA-826; Stressgen, Ann Arbor, MI), 1:5000; 6) mouse anti-Hdj-2 
(KA2A5.6; Abcam, Cambridge, MA), 1:5000; 7) rabbit anti-β-
actin (13E5; Cell Signaling, Danvers, MA), 1:5000; or 8) rabbit 
anti-CHIP (PC-711; EMD Chemicals, Gibbstown, NJ), 1:5000. After 
being washed five times with TTBS, membranes were incubated 
for 1 h with the following secondary antibodies: 1) goat anti–rat 
immunogloblin G (IgG) horseradish peroxidase conjugate (HRP; 
Sigma), 1:40,000; 2) goat anti–mouse IgG-HRP (BioRad), 1:5000; 
or 3) goat anti–rabbit IgG-HRP (BioRad), 1:10,000. After five 
washes with TTBS, signals were visualized with SuperSignal West 
Pico Chemiluminescent Substrate (Thermo Scientific, Waltham, 

In vitro transcription and translation
Noncapped CFTR transcript was synthesized in 80 mM HEPES-
NaOH (pH 7.5); 16 mM MgCl2; 2 mM spermidine; 3 mM each ATP, 
CTP, UTP, and GTP; 40 mM dithiothreitol (DTT); 0.2 U/μl RNase in-
hibitor; 5 μg/ml His-tagged SP6 RNA polymerase; and 50 ng/μl non-
linearized pSP-CFTR plasmid at 40°C for 2 h. After transcription, a 
60% volume of 7.5 M LiCl and 50 mM EDTA was added, incubated 
for 1 h at –20°C, and centrifuged at 16,000 × g at 4°C for 20 min. 
The RNA pellet was rinsed three times with 70% ethanol and once 
with 95% ethanol followed by centrifugation at 16,000× g at 4°C for 
1 min and dissolved into ddH2O (Matsumura et al., 2011).

CFTR protein was translated at 24°C for 2 h in a reaction contain-
ing 50 ng/μl CFTR transcript, 40% (vol/vol) nuclease-treated RRL, 
canine pancreas microsomes (3–4 A280), 1 mM ATP, 1 mM GTP, 
12 mM creatine phosphate, 40 μM each 19 essential amino acids 
(except methionine), 1 μCi/ml Trans[35S]-label (MP Biomedicals, So-
lon, OH), 40 μg/ml creatine kinase, 0.1 mg/ml bovine calf tRNA, 
0.1 U/ml RNase inhibitor, 10 mM Tris-acetate (pH 7.5), 100 mM po-
tassium acetate, 2 mM magnesium acetate, 0.15 mM spermidine, 
and 2 mM DTT as described (Matsumura et al., 2011). Microsomes 
containing newly synthesized CFTR were pelleted by centrifugation 
at 180,000× g for 10 min, through 0.5 M sucrose in buffer A (50 mM 
HEPES-NaOH, pH 7.5, 100 mM KCl, 5 mM MgCl2, and 1 mM DTT). 
The membrane pellet was washed once with 0.1 M sucrose in buffer 
A without resuspension, and resuspended in the same buffer at half 
volume of original translation reaction.

In vitro degradation and dislocation assay
Microsomal membranes containing newly synthesized radiolabeled 
CFTR were added to RRL (15–18% and 60–70% [vol/vol] in final con-
centration, respectively) supplemented with 1 mM ATP, 12 mM cre-
atine phosphate, 5 mM MgCl2, 3 mM DTT, 10 mM Tris-HCl (pH 7.5), 
and 80 μg/ml creatine kinase, and incubated at 37°C as described 
previously (Carlson et al., 2005). Purified recombinant proteins were 
added at the concentration indicated. At indicated times, aliquots 
were precipitated in 20% (wt/vol) TCA and centrifuged at 16,000 × g 
for 10 min. Supernatants (TCA soluble) were added to ScintiSafe scin-
tillation fluid (Fisher Scientific, Pittsburgh, PA) and counted in a Beck-
mann LS6500 scintillation counter. Total incorporated [35S] in each 
sample was determined by directly counting an aliquot of the degra-
dation reaction. Mock reactions were used as a control to correct for 
nonspecific association of [35S] and translation of any remnant mR-
NAs that survived nuclease treatment during lysate preparation. The 
percentage of protein degraded into TCA-soluble peptide fragments 
at each time point was determined using the following formula:

%TCA soluble = (CFTR(Tn – T0 ) – Mock(Tn – T0))/(CFTR(total – T0)  
– Mock(total – T0))100

where Tn and T0 were TCA-soluble counts at T = n and T = 0 min, 
respectively.

Percent rescue was defined as the restoration of degradation (at 
T = 60 min) observed upon addition of Hsc70 or Hsc70(229–339) to 
degradation reactions containing CBag protein using the following 
formula:

%rescue = [(%TCAsolCBag/Hsc70 – %TCAsolCBag)/(%TCAsol 
– %TCAsolCBag )]100

where %TCAsol is control reaction without CBag, %TCAsolCBag is 
reaction with CBag, and %TCAsolCBag/Hsc70 is reaction with CBag 
and Hsc70 or Hsc70(229–339). Values are presented as mean ± SEM 
of three or more experiments.
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MA) and Fuji Film (Light Labs, Dallas, TX). For CFTR detection, 
SuperSignal West Femto Chemiluminescent Substrate (Thermo 
Scientific) was used.

For immunoprecipitation, cells and microsomes were lysed with 
500 or 250 μl of buffer B containing complete PI as described 
(Matsumura et al., 2008). For coimmunoprecipitation, SDS and so-
dium deoxycholate were omitted from buffer B. For the ubiquitina-
tion assay, 10 μl of degradation reaction was directly lysed in 250 μl 
of buffer B containing complete PI. After clarification of lysate, the 
following antibodies/sera (1 μl of each) were added: 1) rabbit anti-
CFTR antisera directed against amino acids 45–65 (Xiong et al., 
1999): 2) rabbit anti-Hsp/c70 antisera (gift of William J. Welch; 
Brown et al., 1993); or 3) mouse anti-(mono-/poly-)ubiquitin anti-
body (FK2; Biomol International, Plymouth Meeting, PA). Samples 
were rotated for 1 h at 4°C, and 5 μl of Affi-Gel Protein A (BioRad) 
was added and rotated overnight. For mouse anti-ubiquitin anti-
body, ImmunoPure-immobilized Protein G (Pierce Biotechnology, 
Rockford, IL) was used. Samples were washed five times with buffer 
B and three times with Tris-buffered saline (TBS; 20 mM Tris-HCl, pH 
7.5, and 137 mM NaCl) and eluted with SDS sample buffer. Eluates 
were separated on an SDS–PAGE gel and analyzed by phosphorim-
aging as described earlier in text.

For His affinity copurification, 50 μg of His-CBag was loaded on 
10 μl of Ni-NTA beads (Qiagen, Valencia, CA) in TNB buffer (25 mM 
Tris-HCl, pH 7.5, 100 mM NaCl, 1 mM β-mercaptoethanol) and ro-
tated at 4°C for 1 h (Carlson et al., 2005). After washing beads six 
times with 100 μl of TNB buffer, 50 μl of desalted RRL using PD-10 
Desalting Column (GE Healthcare Biosciences, Pittsburgh, PA; pre- 
equilibrated in 10 mM HEPES-NaOH, pH 7.5) was added to the 
beads in TNB buffer containing 5 mM MgCl2 and mixed in the pres-
ence or absence of 3 mM ATP at 4°C for 4 h. Beads were washed six 
times with TNB buffer containing 20 mM imidazole and eluted with 
TNB buffer containing 500 mM imidazole. Eluates were separated 
on an SDS–PAGE gel and subjected to Coomassie Brilliant blue 
(CBB) staining or immunoblotting.

For GST pull-down, 50 μg of GST or GST-CHIP was loaded 
on 10 μl of glutathione resin (BD Biosciences, San Jose, CA) in 
0.1% (vol/vol) Triton X-100 in TBS and rotated at 4°C for 1 h. After 
four washings with 0.1% (vol/vol) Triton X-100 in TBS, solubilized 
microsomes were added to the beads and rotated at 4°C for 1 h. 
Beads were washed five times with buffer B (without SDS and so-
dium deoxycholate) and three times with TBS and eluted with SDS 
sample buffer. Eluates were separated on an SDS–PAGE gel and 
analyzed by phosphorimaging and CBB staining.
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