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We examined the role of the cysteine string protein (Csp) in cystic
fibrosis transmembrane conductance regulator (CFTR) biogenesis in
relation to another J-domain protein, Hdj-2, a recognized CFTR co-
chaperone. Increased expression of Csp produced a dose-dependent
reduction inmature (bandC)CFTRandanincrease in immature (band
B)CFTR. Exogenous expression ofHdj-2 also increasedCFTRbandB,
butunlikeCsp,Hdj-2 increasedbandCaswell.TheCsp-inducedblock
of CFTR maturation required Hsp70, because a J-domain mutant
(H43Q) that interferes with the ability of Csp to stimulate Hsp70
ATPase activity relieved the Csp-induced block of CFTR maturation.
Nevertheless, CspH43Q still increased immature CFTR. Csp-induced
band B CFTR was found adjacent to the nucleus, co-localizing with
calnexin, and it remained detergent-soluble. These data indicate that
Csp did not block CFTRmaturation by promoting the aggregation or
degradation of immatureCFTR.Csp knockdownbyRNA interference
produced a 5-fold increase in mature CFTR and augmented cAMP-
stimulated CFTR currents. Thus, the production of mature CFTR is
inversely related to the expression level of Csp. Both Csp and Hdj-2
associated with the CFTR R-domain in vitro, and Hdj-2 binding was
displaced by Csp, suggesting common interaction sites. Combined
expression of Csp andHdj-2mimicked the effect of Csp alone, a block
of CFTR maturation. But together, Csp and Hdj-2 produced additive
increases in CFTR band B, and this did not depend on their interac-
tions with Hsp70, consistent with direct chaperone actions of these
proteins. Like Hdj-2, Csp reduced the aggregation of NBD1 in vitro in
the absence of Hsp70. Our data suggest that both Csp andHdj-2 facil-
itate the biosynthesis of immature CFTR, acting as direct CFTR chap-
erones, but in addition, Csp is positioned later in the CFTR biogenesis
cascadewhere it regulates the production ofmature CFTR by limiting
its exit from the endoplasmic reticulum.

CFTR2 is a phosphorylation-activated Cl� channel expressed at the
apical membranes of epithelial cells that are involved in salt secretion or

absorption. Mutations in the CFTR gene produce cystic fibrosis by
reducing or eliminating this primary anion conductance pathway and
the salt and water transport processes it underlies (1–3). The most
common CFTRmutation, �F508, results in biosynthetic arrest and ER-
associated degradation of themutant protein so that little, if any,�F508
CFTR progresses to the apical plasma membrane. Experimental rescue
of �F508 CFTR by a variety of methods (4–6) has demonstrated its
partial functional competence, suggesting the potential value of thera-
pies aimed at promoting the trafficking of CFTR processing mutants,
like �F508, to the cell surface.
Achieving this goal will be facilitated by an understanding of the

chaperone and other protein interactions that regulate CFTR biogene-
sis. Early steps in this process are inefficient, leading to degradation of
�70% of wild type (WT) CFTR in most cell types (7, 8). Several of the
protein components involved in the folding and domain assembly of
native CFTR have been identified, including the molecular chaperones
Hdj-2, Hsp70, Hsp90, and calnexin (9–12). Their interactions are
thought to facilitate CFTR folding; for example, Hsp70 andHdj-2 inter-
act with the first nucleotide binding domain (NBD1, the site of the
�F508 mutation) to inhibit its aggregation in vitro (12, 13).
Both Hsp70 and calnexin exhibit prolonged associations with �F508

CFTR relative to the wild type (WT) protein (9, 10), suggesting that
these chaperones are part of the quality control apparatus that identifies
non-native CFTR conformations for degradation. A key component
involved in removing CFTR from the productive folding pathway appears
to be the ubiquitin ligase, CHIP, which poly-ubiquitinates Hsp70-ladened
CFTR, thereby targeting the protein for proteasome-mediated degrada-
tion (14). Similarly, calnexin undergoes transient cyclic associations
with newly synthesized glycoproteins like CFTR to facilitate their fold-
ing, but components of this quality control cycle also can contribute to
the ER retention and degradation of proteins whose native conforma-
tions are not achieved. Calnexin associates with both WT and �F508
CFTR during their biogenesis, but only the WT protein escapes the ER
for Golgi-mediated glycosylation and apical membrane targeting (10).
The biogenesis of a protein that assumes its native conformationwith

difficulty, like CFTR, represents the net result of the two opposing influ-
ences of molecular chaperones: facilitation of folding and targeting for
degradation if folding does not succeed (15–17). The co-translational
associationwithCFTRof aDnaJ family co-chaperone,Hdj-2, represents
a case in point. In combination with Hsp70, Hdj-2 is thought to play a
significant role in the folding of NBD1 and its appropriate interac-
tion with other CFTR domains, particularly the R-domain (12). In
contrast, prolonged or excessive interactions with Hsp70 and Hdj-2
can facilitate the efficient CHIP-mediated ubiquitination and degra-
dation of CFTR (14).
We have reported the interaction of CFTR with another J-domain

protein, the cysteine string protein (Csp), and we found that the co-
expression of Csp with CFTR reduced cAMP-stimulated CFTR cur-
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rents (18). Ostensibly, this finding was compatible with the known
action of Csp, identified originally as a synaptic vesicle-associated pro-
tein that plays an essential role in neurosecretory vesicle insertion into
the plasma membrane (19). Subsequent studies of Csp demonstrated
that it is required for other regulated exocytic processes, including insu-
lin secretion (20). Nevertheless, although Csp localized partially to the
apical membrane domain in polarized CFTR expressing epithelia, as
expected for its participation in regulated exocytosis, its co-localization
with calnexin also suggested the potential for Csp to function in the
endoplasmic reticulum (ER). Further studies showed that the Csp-in-
duced inhibition of CFTR currents was explained by a primary effect on
the production of mature CFTR protein (18), implying that Csp may
also function at early steps in the protein secretory pathway.
In this study,we examined the physiological role ofCsp inCFTRprotein

processing by experimentally increasing or decreasing its expression level.
The effects of varying Csp expression on CFTR biogenesis were compared
with those of Hdj-2, an acknowledged CFTR co-chaperone (12). Our
results are consistent with the concept that these J-domain proteins play
different roles in theprocessingofCFTR;Hdj-2 facilitatesCFTRbiogenesis,
whereas Csp regulates the export of CFTR to post-ER compartments.

EXPERIMENTAL PROCEDURES

Materials and Reagents—Wild type or mutant Csp constructs were
tagged with the Myc epitope as described (20). Anti-CFTRmonoclonal
antibodies (M3A7) were kindly provided by Dr. John Riordan (Mayo
Clinic, Scottsdale, AZ) or purchased fromChemicon (MAB3480). Anti-
Csp was also fromChemicon. Anti-CFTR polyclonal antibodies (R3195
and MD1314) were generated and affinity-purified, as described previ-
ously (21), and kindly provided by Dr. Christopher Marino, University
of Tennessee, Memphis. The monoclonal antibody to human c-Myc
developed byDr.Michael Bishopwas obtained from theDevelopmental
Studies Hybridoma Bank, under the auspices of the NICHD, National
Institutes of Health, and maintained by the University of Iowa. Mono-
clonal anti-Hsp70 and Hsp90 antibodies were purchased from Sigma.
Anti-tubulin antibody was a gift from Dr. Linton Traub (University of
Pittsburgh). Rabbit anti-green fluorescent protein (GFP) was purchased
from Abcam (Ab6556). Mouse anti-Hsp70 (SPA-810) was obtained from
Stressgen. Goat antibody to Grp78 was purchased from Santa Cruz Bio-
technology (SC-1050). Mouse anti-glyceraldehyde 3-phosphate dehydro-
genase was from U. S. Biochemical Corp. Mouse anti-calnexin was pur-
chased fromAffinity Bioreagents (MA3-027).
Horseradish peroxidase-conjugated anti-rabbit IgG and anti-mouse

IgG were obtained from Sigma. Double-stranded RNAs (dsRNA) to
interferewith the expression of endogenousmammalianCsp (CCUCG-
GAUGACAUUAAGAA) or Xenopus Csp (GUAUCACCCCGACAA-
GAAC) mRNAs were designed by Oligogene software and obtained
from Dharmacon Research. Lipofectamine was obtained from Invitro-
gen. Redivue Pro-mix L-35Swas obtained fromAmershamBiosciences.
Protein A/G-agarose beads and Taq polymerase were purchased from
Invitrogen; glutathione-Sepharose� 4Bwas purchased fromAmersham
Biosciences. DNA restriction endonucleases were from New England
Biolabs. DNApurification kits were obtained fromQiagen. Reagents for
analytical gel electrophoresis were from Bio-Rad. Pre-stained protein
standard used for immunoblotting was purchased from Invitrogen.
BCA protein assay, Supersignal West Dura chemiluminescent sub-
strate, and Restore stripping reagent were from Pierce. Other reagent
grade chemicals were purchased from Sigma.

Cell Culture andTransient Transfection—HEK293 cellswere cultured
in Dulbecco’s modified Eagle’s medium (Sigma) and supplemented with
10% fetal bovine serum, 2 mM glutamine, 10 mM HEPES, and antibiotics

(Invitrogen). For transient transfection of cDNAs encoding Myc-tagged
Csp and CFTR, 106 cells per well in 6-well plates were plated and trans-
fected using Lipofectamine 2000 the following day according to themanu-
facturer’s instructions and the methods described by Zhang et al. (18).
Calu-3 cells were cultured as described (18, 22).

Immunoblots and Pulse-Chase Assays—Transfected cells were lysed
in 50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1% Triton X-100, 5 mM

EDTA supplemented with complete protease inhibitor mixture (Roche
Applied Science) by rocking for 30 min at 4 °C. To determine the dis-
tribution of CFTR between soluble and insoluble fractions, we used the
following protocol. The Triton X-100-insoluble fraction was separated
by centrifugation at 16,000 � g for 15 min at 4 °C. The soluble fraction
was decanted, and the insoluble pellets were washed twice with 50 mM

Tris-HCl, pH 7.5, 150 mMNaCl, and re-solubilized in SDS-PAGE load-
ing buffer by sonication.
Crude membranes and membrane extracts from cell lines were pre-

pared as described (18). Briefly, 50 �g of membrane extract per lane
was separated on 12% SDS-polyacrylamide minigels and transferred
to polyvinylidene difluoride membranes. Blots were probed with the
indicated antibodies and diluted as follows: anti-Csp, 1:2000; anti-
Hsp70, 1:3000; anti-Hsp90, 1:2000; and anti-CFTR, 1:2000. Immu-
noblots were scanned and quantitated using ImageJ, a public domain
Java image-processing program (downloaded from the National Insti-
tutes of Health, Bethesda). Statistics and t test calculations were done
with Excel 2000 (Microsoft, Redmond, WA). Metabolic labeling and
immunoprecipitation (IP) for detection of protein binding to CFTR
were performed using methods described previously (9, 18).

Immunofluorescence—Cells were replated on 12-mm poly-L-lysine-
coated coverslips (BD Biosciences) in 24-well plates 1 day after trans-
fection and then fixed and permeabilized on day 2. Antibody incuba-
tions were done in phosphate-buffered saline containing 2% BSA, and
all washes were done with phosphate-buffered saline containing 0.5%
BSA. Cy3- and Cy5-labeled secondary antibodies were from Jackson
ImmunoResearch (West Grove, PA), and nuclei were stained with the
DNA dye Hoechst 33342 (bisbenzamide) purchased from Sigma.
Images were obtained with an Olympus Fluoview 1000 confocal micro-
scope (see also Refs. 22 and 23).

In Vitro Binding Assays and Co-immunoprecipitation—In vitro bind-
ing assays were performed as described by Sun et al. (24). Briefly, 10 �g
of GST or GST-R domain fusion protein (GST-CFTR-R) were incu-
bated with 20 �l of pre-equilibrated glutathione-Sepharose 4B beads in
200 �l of DIGNAM-D buffer containing 0.1% BSA at 4 °C for 1 h (18,
25). In vitro competitive binding assays were performed as described
(24) with modifications. Glutathione beads were incubated with 35S-
labeled Csp or Hdj-2 at the indicated concentrations. After five washes
with binding buffer, samples were resuspended in SDS sample buffer,
and the proteins were resolved by SDS-PAGE; the signals were visual-
ized by autoradiography.
Co-IPs were performed using either 3 �l of anti-Csp or anti-CFTR

(M3A7) antibody as described (18, 22). As a control for efficiency in
the Csp/CFTR IPs, supernatant fractions obtained after IP of myc-
Csp were incubated overnight with 3 �l of anti-CFTR (M3A7) anti-
body in the presence of protein G-agarose at 4 °C. The next day,
samples were washed four times with DIGNAM-D buffer and sepa-
rated by 5% SDS-PAGE. Blots were probed for CFTR (re-IP) using poly-
clonal anti-CFTR (R3195; 1:2000).

RNA Interference—Six �g of dsRNA was transfected using 20 �l of
Lipofectamine 2000 into 50% confluent 3T3 cells stably expressing
CFTR (kindly provided by Dr. Michael Welsh, University of Iowa),
which had been seeded onto 35-mmdishes 1 day earlier. Two and 4 days
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later, the transfections were repeated with the same procedure. Three
days thereafter, cell lysates or membrane extracts were prepared and
analyzed for CFTR, chaperone protein, and control protein expression,
as described previously (18).Western blots were probed simultaneously
with anti-Csp and anti-Hsp70 antibodies or with anti-CFTR and anti-
Hsp90 antibodies. The blots were stripped and re-probed for tubulin as
control.

SPQAssays of RegulatedAnionTransport—Experimental procedures
for monitoring forskolin-stimulated halide transport across the plasma
membranes of HEK293 cells using SPQ fluorescence were performed as
described (26) with modifications. HEK293 cells were seeded onto cov-
erslips pre-coated with poly-L-lysine and cultured for 24–36 h. When
cells reached �60% confluence, 1.5 �g of cDNA encoding humanCFTR
and/orwild type ormutantCspwas co-transfectedusingLipofectamine, as
described (18). After 1 day, the cells were loaded with SPQ using hypo-
tonic loading conditions as follows. Cells were incubated at room tem-
perature for 5 min in a 1:1 mixture of Cl� buffer (126 mM NaCl, 5 mM

KCl, 1.5 mM CaCl2, 1.0 mM MgCl2, 20 mM HEPES, 0.1% bovine serum
albumin, 0.1% D-glucose, pH 7.2) and distilled H2O, containing 5 mM

SPQ. After a 30-min recovery period in culture medium, the coverslips
were then mounted in a chamber heated to 37 °C on the stage of a
fluorescence microscope. The chamber was supplied continually with
warmed buffer solution, and individual cells (regions of interest) were
selected for study. Fluorescence intensity was collected as the perfused
solutions were changed from sodium iodide to sodium nitrate to
dequench SPQ fluorescence and expressed relative to intensity at time
0. Further fluorescence dequenching elicited by forskolin (10 �M) plus
IBMX (100 �M) was indicative of cAMP-stimulated iodide efflux from
preloaded cells and provides an assay for CFTR channel activity. Re-ad-
dition of iodide buffer then quenches SPQ fluorescence to base-line
levels. Data were collected from at least 20 cells per coverslip, with
images acquired at 0.2 Hz. The blank field obtained by closing the cam-
era shutter was used as background and subtracted prior to image
acquisition.

Oocyte Expression—Oocyte preparation and cRNA injections were
carried out essentially as described by Takahashi et al. (27). A total of 1
ng of cRNA encoding CFTRwith or without 100 ng of dsRNA targeting
endogenous Xenopus Csp were injected, and expression was allowed to
proceed for 4–5 days before current recordings. All data are provided as
the mean � S.E.

Hsp70 ATPase Assays—The ability of WT or H43Q Csp to stimulate
Hsp70 ATPase activity was determined as described previously (28, 29)
using the yeast homologue, Ssa1p. Briefly, Ssa1p-ATP complexes were
formed as described (30) by incubating Ssa1p (25 �g) with 100 �Ci of
[�-32P]ATP (PerkinElmer Life Sciences) and 25 �M ATP in complex
buffer (25 mM HEPES-KOH, pH 7.5, 100 mM KCl, 11 mM magnesium
acetate) for 30 min on ice. Free ATP was removed on a NICK spin
column (AmershamBiosciences) pre-equilibrated with complex buffer.
Using a Geiger counter, 15 fractions were collected (2 drops per frac-
tion), and peak complex fractions were pooled, adjusted to 10% glycerol,
and frozen in liquid nitrogen. Single turnover ATPase assays were per-
formed at 30 °C by mixing 25 �l of thawed Ssa1p-ATP complex and 25
�l of complex buffer with or without Csp or Csp H43Q. At specified
time points, a 6-�l aliquot of the reactionwas removed and added to 2�l
of stop solution (36mMATP, 2MLiCl, 4M formic acid) on ice. Triplicate
2-�l aliquots of this mixture were spotted onto a TLC plate, developed,
and dried for PhosphorImager analysis.

NBD1 Aggregation Assays—The chaperone function of Csp was
assayed by its ability to prevent the aggregation of NBD1 (amino acids
404–644), as described previously for other CFTR chaperones (31). For

the assay, purified hexahistidine-taggedNBD1was diluted from a dena-
turing buffer (6 M guanidine-HCl, 20 mM HEPES, pH 7.5) into a refold-
ing buffer (50 mM KCl, 2 mM MgCl2, 20 mM HEPES, pH 7.2) to a final
concentration of 2 �M. Protein aggregation was measured by light scat-
tering as a function of time at a wavelength of 320 nm at 30 °C in a 14DS
UV-visible IR spectrophotometer (Aviv Associates, Inc.) with and with-
out Csp or Csp H43Q. The results were plotted as relative aggregation
normalized to values at 10 min for NBD1 alone (13).

RESULTS

Csp Block of CFTR Maturation Requires Hsp70—The influence of
Csp expression on steady-state levels of CFTR was determined by co-
transfection ofHEK293 cells with plasmids encoding both proteins (Fig.
1A). As observed previously (18), overexpression of Csp reduced the
expression of mature, glycosylated (band C) CFTR and increased the
expression of nascent, core glycosylated (band B) CFTR. This finding
suggests that excess Csp interferes with the ability of CFTR to progress
toGolgi-localized glycosylation sites. In our prior studies (18), a block of
CFTR maturation was observed with the co-expression of either Csp
isoform, Csp1 or Csp2. The latter variant represents a C-terminal trun-
cation of 31 amino acids from Csp1. It is expressed at lower levels than
Csp1 (32, 33) and is functionally indistinguishable from it (34), as shown
in our priorwork (18). Therefore, we elected to focus the present studies
on the predominantly expressed form, Csp1. We first examined several

FIGURE 1. Effect of Csp and Csp mutants on steady-state CFTR levels. Wild type and
mutant Csps (H43Q, E93V, or H43Q/E93V double mutant (DM); see lane designations)
were transiently co-transfected with CFTR into HEK293 cells (cDNA ratio 1:1). A, mem-
brane extracts were resolved using 15% SDS-PAGE and blots probed with polyclonal
anti-CFTR (R3195, 1:2000). B, Csp was immunoprecipitated with anti-Myc monoclonal
antibody (9E10, 1:2000), and immunoblot (IB) was performed as in A. C, supernatant from
Myc IP was re-immunoprecipitated by using anti-CFTR (R3195, 1:2000) and blotted for
CFTR as in A. The results are representative of at least three experiments. C and B in right
margin indicate bands C and B.
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Csp mutations shown previously to interfere with regulated exocytic
events (20).
As illustrated in Fig. 1A, the Csp HPD mutant, H43Q, restored the

ability of CFTR to progress to Golgi glycosylation sites, as evidenced by
the reappearance of CFTR band C. Mutation of the conserved HPD
motif within the J-domain interferes with the ability of Csp to stimulate
Hsp70ATPase activity (26) (see also Fig. 11A), and in general,mutations
in the conserved Hsp70-interacting HPD motif impair the ability of
J-domain proteins to serve as co-chaperones (35). Despite the recovery
of CFTR maturation, immature CFTR continued to accumulate during
the expression of Csp H43Q.
A so-called linker region lies between the N-terminal J-domain and

the cysteine-rich membrane-anchoring region of Csp (36). Previous
studies have implicated a functional role for the phylogenetically con-
served glutamate within the linker region at position 93 in regulated
exocytosis (20). Nevertheless, the results obtained from expressing Csp
E93V with CFTR did not differ from those of WT Csp (Fig. 1A). Con-
sistent with this, the Csp double mutant, H43Q/E93V, yielded results
qualitatively similar to those observed with Csp H43Q. Thus, although
the linker region is implicated functionally in exocytosis, we did not
detect a significant role for this residue in CFTR biogenesis, either in
band B production or in its maturation to band C.
Immunoprecipitation assays performed in Calu-3 airway cells were

consistent with a physical interaction between Csp and CFTR in vivo
(18). As shown in Fig. 1B, we examined these interactions in HEK cells
co-expressing CFTR andMyc-tagged Csps. After Csp IP with anti-Myc,
the pellets were blotted for CFTR to detect binding. Then the superna-
tants from theCsp IPwere re-immunoprecipitatedwith CFTR antibod-
ies and blotted forCFTR to judge the extent of CFTRdepletion resulting
from removal of Csp complexes and to verify the forms of CFTRpresent
during the Csp IP.
The absence of CFTR in the 1st lane of Fig. 1B confirms the specificity

of the CFTR co-immunoprecipitation with Myc-tagged Csp, as shown
in the other lanes. As suggested by our earlier studies of airway cells
endogenously expressing Csp, it is apparent that WT and mutant Csps
interact with both immature andmature CFTR, but with one exception.
The Csp H43Q/E93V double mutant did not interact significantly with
mature CFTR, despite the presence of band C during the Csp IP (Fig.
1C). The absence of a band C interaction suggests that Glu-93 and the
linker region may be involved in a selective association of Csp with
mature CFTR, perhaps reflecting its known role in exocytosis at the
plasma membrane. Thus, a CFTR interaction with the linker region of
Csp may be involved in the trafficking and insertion of mature CFTR at
epithelial cell apical membranes. A fraction of Csp co-localizes with
CFTR at the apical domain of Calu-3 cells (18). Nevertheless, both Csp
E93V and the double mutant (H43Q/E93V) interacted strongly with
immature CFTR, because band Bwas virtually removed from the super-
natant by the Csp IP (compare Fig. 1, B andC). This finding implies that
the Csp-band B interaction reflects a significant role for Csp in CFTR
biogenesis in the ER.

Dose-dependent Actions of WT and H43Q Csp on CFTR Biogenesis—
The data from H43Q Csp expression suggested the possibility of two sep-
arate actions of Csp in the ER handling of CFTR, formation of band B, and
its subsequent maturation. To examine these effects we performed dose-
response relations forWTandH43QCsp. The data of Fig. 2A indicate that
overexpression of Csp reduced the expression of mature CFTR in a dose-
dependentmanner, and thiswas accompanied by the accumulation of core
glycosylated (band B) CFTR. These effects were maximal at Csp:CFTR
plasmid ratios of 1:4 or higher, and ratios between 1:4 and 1:1 were used in
the studies reported here. Quantitation of the blots from all experiments

(Fig. 2B) showed reciprocal changes in bands B and C, and thus a marked
decrease in the C:B ratio, as the dose of Cspwas increased; this persisted at
least 3 days after transfection (data not shown).
To better evaluate theCsp-induced increase in immature CFTR, sim-

ilar dose-response experiments were performed using Csp H43Q. As
shown in Fig. 2C, H43Q Csp did not markedly alter the steady-state
expression of mature CFTR; however, it increased the levels of imma-
ture CFTR in a dose-relatedmanner. Indeed, CspH43Q increased band
B, but it failed to blockCFTRmaturation at doses four times higher than
the WT Csp level that produced a maximal block of band C formation.
Fig. 2D provides quantitation of bands B and C from all experiments
with H43Q Csp. The data show that the actions of Csp on the steady-
state levels ofmature and immature CFTR can be separated experimen-
tally using this Csp mutant. Thus, the buildup of band B resulting from

FIGURE 2. Dose-dependent effects of WT and H43Q Csp on CFTR maturation. A and
C, CFTR and WT or H43Q Csp were transiently expressed in HEK293 cells using the indi-
cated plasmid cDNA doses and extracted the following day using the described methods
(18). 20 �g of total cellular protein per lane was resolved by 5 or 15% SDS-PAGE, and
immunoblots (IB) were probed with anti-CFTR (M3A7, 1:500) or anti-Myc (9E10, 1:1000)
monoclonal antibodies. B and C indicate the positions of immature and mature CFTR,
respectively. B and D, quantitation of the influence of WT or H43Q Csp expression on
CFTR bands C and B from three experiments as in A. The Csp-CFTR co-expression portion
of the gels (A and C), loaded originally in order of decreasing Csp dose, were cut and
flipped in Photoshop to align with the increasing Csp doses shown in the bar charts (B
and D).
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overexpression of WT Csp is not solely a consequence of blocking
CFTR maturation; rather, it suggests another mechanism of action.

Action of Csp Is Not Associated with the Formation of Insoluble CFTR
Aggregates—Wild type CFTR is inefficiently folded in cells exogenously
expressing the protein (37, 38). Thus, overexpression of CFTR or treat-
ment of cells with inhibitors of its proteasomal degradation leads to the
intracellular accumulation of CFTR in detergent-insoluble aggregates
that are protected from degradation (39). To determine whether the
increase in immature CFTR observed with Csp co-expression repre-
sents an accumulation of insoluble CFTR, cell lysates were separated
into detergent-soluble and detergent-insoluble fractions, as described
under “Experimental Procedures.” As illustrated in Fig. 3, Csp expres-
sion did not increase the detergent-insoluble fraction of CFTR relative
toGFP co-expressing controls. In control cells,�17� 7% of total CFTR
(bands B plusC) after 1%Triton extraction sedimented in the pellet with
a molecular weight corresponding to immature CFTR. With Csp co-
expression, only immature CFTRwas present, and 7 � 2% was found in
the Triton-insoluble fraction. This finding indicates that the immature
CFTR that accumulated during Csp expression remains in a soluble and
presumably folded or foldable state.
We determined alsowhether Csp overexpressionwas associatedwith

a cellular stress response, which is expected generally to increase chap-
erone expression and stabilize immature CFTR. As shown in the sup-
plemental data (Fig. 1), we detected no differences in Hsp70 or Grp78
(BiP) levels in HEK cells co-expressing CFTRwith Csp or GFP, whereas
the expected increases in Hsp70 and Grp78 were observed in response
to heat stress or blockade of N-linked glycosylation with tunicamycin.
Thus, the Csp-induced failure tomature CFTR and the accumulation of
band B during Csp expression were not the result of a cellular stress
response.

Csp Expression Inhibits CFTR Function—Prior studies indicated that
Csp co-expression decreased CFTR currents in Xenopus oocytes (18).
To determine whether Csp affects CFTR channel function in mamma-
lian cells and to examine the influence of the Cspmutants, wemeasured
the CFTR- and cAMP-dependent anion permeability of the plasma
membrane inHEK cells using the halide-sensitive indicator, SPQ, under
the expression conditions used in the steady-state measurements (Fig.
1). In cells expressing CFTR alone, we noted an upward deflection in the
time course of relative fluorescence intensity upon the addition of for-
skolin plus IBMX (Fig. 4). This response reflects dequenching of SPQ,
which is associated with cAMP/protein kinase A-stimulated iodide
efflux from preloaded cells (see “Experimental Procedures” for details).
The typical response to cAMP agonists observed in control cells was
virtually abolished in cells expressing WT Csp or Csp E93V. Fluores-
cence time courses similar to these were obtained from HEK cells lack-
ing CFTR expression (data not shown), suggesting that the slight fluo-

rescence dequenching observed with bath iodide/nitrate exchange in
cells expressingWTCsp is because of a background anion conductance
expressed in HEK cells (cf. Ref. 40). A significant CFTR response was
absent in cells expressing Csp or E93V Csp (Fig. 4), but the response to
cAMP stimulation was recovered in cells expressing Csp H43Q or the
double mutant, H43Q/E93V. These findings are consistent with the
effects of Csp and Csp mutants on mature CFTR protein expression,
indicating that the band C formed in the presence of Csp H43Q reflects
the presence of functional, mature CFTR.

Csp Leads to CFTR Accumulation in the ER—The cellular location of
CFTRwas evaluated by indirect immunofluorescencemicroscopy in an
attempt to identify the compartment where immature CFTR resides in
cells overexpressing Csp. Markers of the ER and Golgi were used to
establish landmarks in HEK cells; the results from immunostaining of
these cells are provided in Fig. 5. A diffuse plasmamembrane pattern for
CFTR is observed in control cells expressing CFTR plus GFP. A rela-
tively small fraction of CFTR co-localizedwith calnexin, butmost CFTR
had progressed beyond this compartment, in accord with the relative
amounts of immature and mature CFTR observed at steady state (Figs.
1A and 3). In contrast, co-expression of CFTR with Csp condensed the
CFTR signal into large peri-nuclear accumulations that contained cal-
nexin. This location is consistent with the absence of mature and func-
tional CFTR under these conditions (Figs. 3 and 4). In the Csp co-
expressers, CFTR was generally localized to one side of the nucleus,
occupying only a fraction of the calnexin-positive compartment. Cells
co-expressing CFTR and Csp showed no discernable CFTR co-localiza-
tionwith theGolgimarker, giantin, and no alteration in themorphology
of cellular Golgi distribution (data not shown). The ER localization of
CFTR in response to Csp co-expression is consistent with the biochem-
ical and functional data shown above.

Csp Knockdown Promotes CFTR Maturation—We next determined
the effect of decreasing Csp expression on steady-state CFTR levels.
NIH 3T3 cells stably expressing WT CFTR were treated with dsRNA
corresponding to mammalian Csp, as described under “Experimental
Procedures.” Preliminary pulse-chase experiments performed in HEK
cells indicated that Csp may be relatively stable; its levels decreased
modestly even after a 16-h chase (data not shown). Accordingly, it was

FIGURE 4. Effect of Csp and Csp mutants on CFTR anion permeability. HEK cells
seeded onto glass coverslips were transiently transfected with CFTR or CFTR plus WT or
mutant Csps as in Fig. 1 (see box). Two days later, SPQ assays were performed as
described under “Experimental Procedures.” Data are provided as mean � S.E. from two
independent experiments performed on 31– 44 cells for each condition.

FIGURE 3. Csp does not elicit CFTR aggregation. CFTR with or without Csp (plasmid
ratio 1:4) was expressed and assayed as in Fig. 1; GFP was employed as a negative control.
CFTR present in the soluble and insoluble fractions from HEK cells was determined with
or without Csp co-expression (for method, see under “Experimental Procedures”). The
data are representative of two experiments. S, soluble; P, pellet.
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necessary to perform repeated dsRNA transfections over a 3-day period
in order to effect, on average, an �40% reduction in endogenous Csp
expression (see below). Control cells were subjected to the same trans-
fection protocol, except for omission of the dsRNA. Immunoblot data
from an experiment showing the largest decrease in endogenous Csp
(�60%) are illustrated in Fig. 6, and mean data from multiple plates in
three independent experiments are provided in the corresponding pan-
els. On average, a 40% reduction in Csp resulted in a 5-fold increase in
mature CFTR levels.
To verify that the broad band produced by Csp knockdown repre-

sented the complex glycosylated (mature) form of CFTR, cell lysates
from dsRNA-treated cells were incubated with N-glycosidase. Subse-
quent immunoblot of this material showed that this band condensed to
a more discrete and mobile band that corresponded to the size of non-
glycosylated CFTR (�150 kDa; data not shown). As shown in Fig. 6, this
level of Csp knockdown did not significantly alter the expression levels
of the CFTR chaperones Hsp70 and Hsp90. These results suggest that
Csp functions normally to limit CFTR maturation. Together with the
overexpression data of Figs. 1 and 2, the findings indicate that the extent
of mature CFTR expression varies inversely with the Csp expression
level.

CspKnockdown Enhances Functional CFTR Expression—To evaluate
the effect of reduced Csp on CFTR activity, we examined the effect of

Csp RNA interference on the activity of CFTR usingXenopus oocytes, a
common system for functional studies of CFTR. Oocytes were co-in-
jected with a dsRNA corresponding to Xenopus Csp together with the
cRNAemployed to expressWTCFTR. Recordingswere performed 3–4
days post-injection, and cAMP-stimulated currents obtained from con-
trol and dsRNA injected oocytes are illustrated in Fig. 7. On average, the
CFTR currents were roughly doubled in oocytes injected with Csp
dsRNA. Immunoblots of oocyte extracts obtained from parallel prepa-
rations showed a 1.6-fold increase in CFTR expression. These data sug-
gest that the increase in mature CFTR induced by Csp knockdown
represents a functional cAMP/protein kinase A-stimulated Cl� chan-
nel. Although it may be difficult to compare results from oocytes and
mammalian cells quantitatively, the increase in CFTR protein expres-
sion with Csp knockdown appears to be greater than the increase in
CFTR current. This may reflect a limit imposed by the reduced Csp
level on plasma membrane CFTR expression, which would be con-
sistent with the impairment of exocytosis observed when Csp
expression is decreased (19, 36).

Hdj-2 Enhances CFTR Biogenesis—Earlier studies suggest that
another J-domain containing protein, Hdj-2, cooperates with Hsp70 to
facilitate early steps in CFTR biogenesis (12). To compare its effects
with those of Csp, we determined the effect of Hdj-2 co-expression on
steady-state levels of CFTR, analogous to the Csp studies shown in Fig.

FIGURE 5. CFTR is retained in the endoplasmic reticulum when Csp is overexpressed. HEK293 cells co-transfected with CFTR and GFP (upper panels) or with CFTR and myc-Csp
(lower panels) were stained with rabbit anti-CFTR (1:5000), mouse anti-calnexin (1:1000), and Cy3- and Cy5-labeled secondary antibodies. To avoid interference with the GFP signal
in the control cells, Cy5-labeled goat anti-rabbit IgG secondary antibodies were used to visualize CFTR staining (shown in green), and Cy3-labeled goat anti-mouse IgG was used to
visualize calnexin (shown in red); nuclei are stained blue. In GFP co-expressing control cells, CFTR staining was predominantly outside the calnexin compartment, consistent with the
functional and protein data (Figs. 1 and 3). In Csp co-expressing cells, CFTR staining was limited to the peri-nuclear region and co-localized with calnexin, a resident of the endoplasmic
reticulum. The data are representative of at least four independent experiments.
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1. TheCFTR immunoblots of Fig. 8 indicate thatHdj-2 facilitates overall
CFTR biogenesis, increasing the levels of both immature and mature
CFTR (band B, 6-fold; band C, 2.1-fold). This effect did not require an
intact HPD motif, i.e. Hdj-2 H34Q was as effective as WT Hdj-2 in
promoting the production of both immature and mature CFTR. Thus,
the effect of Hdj-2 on band B was similar to that of Csp; however, these
J-domain containing proteins had opposite effects on the level ofmature
CFTR.

Hdj-2 and Csp Compete for R-domain Binding—The similar actions
of Hdj-2 and Csp on the level of immature CFTR raised the possibility
that the interactions of these chaperones with CFTRmay be similar. To
assess this possibility, we evaluated the association of in vitro translated,
metabolically labeled Hdj-2 and Csp with a GST-R domain fusion pro-
tein using pull-down assays. The results are illustrated by the autoradio-
gram shown in Fig. 9. As observed previously for Csp (18), Hdj-2 asso-
ciated with the R-domain but not with GST. Increasing concentrations
of Csp displaced Hdj-2 from the R-domain, suggesting that these chap-
erones interact at similar sites or that the binding of one protein pro-
duces structural changes in the R-domain that displace the other. At
equimolar concentrations, the binding of Hdj-2 was somewhat favored
in these in vitro experiments, such that a 4-fold excess of Csp was
required to displace Hdj-2 from the R-domain.

Combined Effects of Hdj-2 and Csp—The similar actions of these
chaperones on the production of immature CFTR, and their opposite
actions on CFTR maturation, raised the question of which action pre-
dominates if they are co-expressed with CFTR. Fig. 10 provides steady-
state data from HEK cells transiently transfected with varying amounts
of Hdj-2 at constant Csp. The absence of bandC under these conditions
indicates that the negative effect of Csp on CFTR maturation predom-
inates over the positive influence of Hdj-2 to increase band C produc-
tion. Nevertheless, it is apparent from these data that the actions of

FIGURE 6. Knockdown of endogenous Csp enhances mature CFTR expression.
dsRNA for Csp was transfected into 3T3 cells stably expressing CFTR. Left panel, cell
lysates were analyzed by immunoblotting with anti-CFTR and anti-Hsp90 antibodies
together, with anti-Csp and anti-Hsp70 antibodies together. Data from the experiment
giving the largest Csp knockdown (�60%) are shown. Right panel, density quantitation
obtained from three independent experiments. �/� (100) indicates the change in
expression induced by dsRNA treatment relative to control.

FIGURE 7. Csp RNA interference increases CFTR currents. cAMP-stimulated Cl� cur-
rents were recorded from oocytes 3 to 4 days after a single injection with 1 ng of CFTR
cRNA with or without 100 ng of dsRNA corresponding to Xenopus Csp. CFTR current
values were taken following plateau of the response to 10 �M forskolin plus 1 mM IBMX,
at a holding potential of �60 mV; *, p � 0.05. Results from two independent experi-
ments, each using at least 10 oocytes, demonstrated that Csp RNA interference induced
a 1.6-fold increase in CFTR expression, paralleling the increase in CFTR current.

FIGURE 8. Hdj-2 co-expression increases CFTR biogenesis. cDNAs encoding CFTR (1
�g) with or without 1 �g of WT Hdj-2 or its H34Q mutant were co-transfected into HEK
cells as for Csp in Fig. 1. 50 �g of cell extracts were analyzed by immunoblotting and
probed with polyclonal anti-CFTR (R3195). Quantitation of data from three independent
experiments indicated that Hdj-2 increased CFTR band B 6-fold and CFTR band C 2.1-fold.

FIGURE 9. Csp and Hdj-2 bind competitively to the CFTR R-domain. A GST-CFTR R-do-
main fusion protein was produced in bacteria and immobilized on glutathione
4B-Sepharose beads. These were incubated with 106 cpm of 35S-Hdj2 and the indicated
amounts of 35S-Csp for 1 h at 4 °C. Samples were washed three times with binding buffer
and resolved by SDS-PAGE. Signals were visualized by autoradiography and are repre-
sentative of three such experiments.

FIGURE 10. Combined effects of co-expressed Csp and Hdj-2 on steady-state CFTR.
HEK cells were co-transfected with CFTR with or without Csp and/or Hdj-2 as indicated.
CFTR IB was performed as for Fig. 1, and cell extracts were probed with FLAG antibody as
a control for FLAG-Hdj-2 expression. Data are representative of three experiments.
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Hdj-2 and Csp on the level of immature CFTR were additive, as indi-
cated by densitometry of bandB (Fig. 10, numbers in parentheses). Thus,
Csp can block CFTR maturation even when the production of imma-
ture CFTR is augmented by Hdj-2.

Csp Suppresses NBD1 Aggregation—Previous studies have shown
that Hdj-2 increases Hsp70 ATPase activity and functions as a molecu-
lar chaperone, suppressing the aggregation of NBD1 folding intermedi-
ates (12). To determinewhether Csp shares this property, we first deter-
mined the ability of Csp to augment the ATPase activity of Ssa1p, the
yeast homologue of Hsp70 that is�70% identical to humanHsp70. The
yeast chaperone is purified in-house and is of higher purity than
commercially available Hsp70; however, its ATPase activity and its
stimulation by mammalian J-domain chaperones are similar (41). As
shown in Fig. 11A, Ssa1p had low intrinsic ATPase activity, but in
combination with Csp, ATP hydrolysis increased 6.8-fold. As antic-
ipated, this stimulatory action of Csp was not shared by the HPD
mutant Csp H43Q.
Next, we determined the capacity of Csp to serve directly as a molec-

ular chaperone for CFTR by assaying its ability to suppressNBD1 aggre-
gation, determined as described under “Experimental Procedures.” As
illustrated in Fig. 11B, when purified NBD1 was diluted into a folding
buffer at a final concentration of 0.5 �M, it underwent time-dependent
aggregation. In the absence of added Hsp70 or ATP, Csp suppressed
NBD1 aggregation, and this property was shared by Csp H43Q. These
findings suggest that Csp acts as a direct chaperone of CFTR folding,
independent of Hsp70, and they are consistent with the ability of both

Csp and Csp H43Q to augment the production of immature CFTR
(Figs. 1 and 2).

DISCUSSION

Our findings implicate Csp in two aspects of CFTR biogenesis, the
production of immature CFTR and the subsequent progression of
CFTR to Golgi glycosylation sites. Steady-state levels of immature band
BCFTR increased, whereas CFTRmaturation decreased, with increases
in the level of Csp expression. Similarly, decreasing Csp augmented the
expression of mature CFTR. These actions of Csp in protein biogenesis
represent novel functions for this J-domain containing protein, which
was identified initially as an essential factor in calcium-triggered neuro-
transmitter exocytosis at nerve terminals (19, 42). Csp is anchored on
the cytoplasmic surface of synaptic vesicle membranes by multiple
palmitoylation within its cysteine-rich region, and although the mech-
anism is not entirely clear, Csp is thought to cooperate with Hsp70 at
this site to chaperone the protein interactions necessary for synaptic
vesicle fusion (43, 44). Indeed, Csp is now recognized to facilitate a
variety of regulated exocytic events (for review see Ref. 45). In agree-
ment with this view, we showed previously that Csp partially localized
with CFTR at the apical domain of airway epithelial cells (18), which
likely reflects a role for Csp in the apical membrane insertion of CFTR.
In addition to its documented role in the late protein secretory pathway,
however, a significant amount of epithelial cell Csp co-localizes with
calnexin, positioning it appropriately to influence protein biogenesis
within the ER.

Csp Facilitates the Production of Immature CFTR—Several findings
indicate that Csp can function as a CFTR chaperone, similar to Hdj-2.
First, WT Csp increased the steady-state level of immature CFTR in a
dose-dependent manner. This action of Csp did not correlate with its
ability to block the progression ofCFTR to themature form, because the
H43Q mutation in the J-domain of Csp fully restored mature CFTR
levels without altering the ability of Csp to promote the accumulation of
immature CFTR. In these and prior studies (46), Csp H43Q had little or
no effect on the ATPase activity of Hsp70 (Fig. 11A). A minor effect on
Hsp70 ATPase would not account for the ability of Csp H43Q to
increase CFTR band B, because the dose dependence of this effect was
similar to that of WT Csp (Fig. 2, B and D).

These steady-state findings are consistent with the results of pulse-
chase experiments (18). Normally during CFTR biogenesis, band C for-
mation is detected at 30–60 min of chase, but during co-expression
with Csp, no band C CFTR formation was detected up to 4 h. Labeled
band B has normally disappeared by this time, but in Csp co-expressing
cells, 70–80% of band B persisted up to 4 h. In the present studies,
pulse-chase experiments performed with cells co-expressing CFTR and
CspH43Q showed no difference in the kinetics of mature CFTR forma-
tion relative to cells expressing CFTR alone; however, immature CFTR
was stabilized, as observed with WT Csp expression (data not shown).
Thus, the steady-state data (Figs. 1 and 2) reflect the action of Csp in
CFTR biogenesis in the ER. The Csp-induced increase in immature
CFTR was not associated with a general stress response, and the accu-
mulated band B did not result from the formation of CFTR aggregates
that would be refractory to degradation (Fig. 3).
Second, the Csp-induced increase in immature CFTR resembles the

effect ofHdj-2, implicated in prior studies as a CFTR co-chaperone (12).
Indeed, the co-expression of these J-domain proteins further increased
the levels of immature CFTR (Fig. 10). Hdj-2 appears to stabilize NBD1,
permitting its assembly with other CFTR domains (12). A CFTR frag-
ment comprising the N terminus through the R-domain associates with
about half as much Hdj-2 as one that terminates at the end of NBD1,

FIGURE 11. Csp stimulates Hsp70 ATPase and suppresses NBD1 aggregation. A, time
course of single-turnover ATP hydrolysis by the yeast Hsp70 homologue, Ssa1p, was
determined as described under “Experimental Procedures.” Wild type and mutant Csp
additions are indicated in the inset. B, time course of NBD1 aggregation after dilution
from denaturing buffer into folding buffers; additions provided in inset. Data are repre-
sentative of three experiments.
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suggesting that the assembly of an NBD1-R domain interface is facili-
tated by Hdj-2. It is likely that Csp shares this chaperone function,
because it competed with Hdj-2 for binding to an isolated R-domain
fusion protein (Fig. 9). Prior studies detected Csp binding to the
R-domain in vitro, with an apparent dissociation constant in the low
micromolar range, consistent with the affinities of other chaperone
interactions (18).
Third, Csp reduced the aggregation tendency of NBD1, a property

that is also sharedwithHdj-2 (12). Consistent with its role as aDnaJ-like
protein, we showed thatCsp stimulatedHsp70ATPase activity�7-fold,
and this stimulation was eliminated by mutation of the conserved
Hsp70-interacting site (HPD)within the J-domain. Thismutation inter-
feres with the ability of Csp to stimulate Hsp70 ATPase, impairing its
activity as a co-chaperone (46). Thus, it is of interest that the ability of
Csp to increase band B CFTR, as well as the ability of Hdj-2 to augment
both bands B and C, is not influenced by mutations that block their
functional interactions with Hsp70. Consistent with these findings,
DnaJ has been shown to associate with unfolded substrates, preventing
their aggregation (47, 48). Other findings indicate that the chaperone
and co-chaperone actions of DnaJ can be separated experimentally (49).
In addition to the chaperone action of Csp on NBD1 demonstrated in
this study, Cspwas shown earlier to reduce the aggregation of denatured
firefly luciferase in the absence of Hsp70 (46), consistent with its direct
effect on NBD1 aggregation (Fig. 11).
The finding that theHPDmutants of Hdj-2 andCsp are as effective in

CFTR biogenesis as the parent proteins suggests that their inherent
chaperone functions are sufficient for this purpose, and their ability to
augment the ATPase cycle of Hsp70 is not necessary to support their
roles in CFTR biogenesis. Consistent with this concept, Meacham et al.
(12) found thatHdj-2 produced a dose-dependent suppression ofNBD1
aggregation in the absence of Hsp70 and ATP. Csp shares this property
(Fig. 11B). Thus, although both proteins have the ability to bind and
activate Hsp70, the synthesis and folding of CFTR likely occur at rates
that do not require the acceleratedHsp70 association-dissociation cycle
provided by their co-chaperone functions.

Csp Regulates CFTR Exit from the ER—In addition to its action as a
CFTR chaperone, our data indicate a second role for Csp in regulating
the exit of CFTR from the ER. First, elevated Csp interfered with the
steady-state expression ofmature CFTR (Figs. 1 and 2), and pulse-chase
experiments have shown that band C CFTR failed to appear when Csp
was co-expressed (18). The effect of Csp on band C level was paralleled
by a loss of cAMP-stimulated anion efflux (Fig. 4). Because Csp aug-
mented the steady-state levels of immature CFTR and stabilized imma-
ture CFTR in pulse-chase studies (18), the Csp-induced inhibition of
CFTRmaturation is not attributable to an increase in the degradation of
nascent CFTR.
Second, treatment of CFTR-expressing cells with Csp dsRNA, which

reduced Csp expression �40%, increased the steady-state level of
mature CFTR �5-fold. Similarly, the injection of dsRNA into Xenopus
oocytes elicited an increase in CFTR expression and a 2-fold increase in
cAMP-stimulated CFTR currents. These findings, together with the
results fromCsp overexpression, indicate that this J-domain containing
protein normally has an inhibitory effect on the amount of CFTR that is
permitted to exit from the ER.This action ofCsp represents a qualitative
divergence from the chaperone function ofHdj-2, which augmented the
steady-state levels of mature CFTR (Fig. 8) and increased CFTR cur-
rents in Xenopus oocytes (data not shown). In addition, the negative
influence of Csp on CFTR maturation was dominant over the positive
action of Hdj-2 when the two proteins were co-expressed. The ability
of Csp to interfere with CFTR progression requires its interaction

with Hsp70, and perhaps stimulation of its ATPase activity, because
the H43Q mutant abolished this action of Csp and rescued CFTR
maturation.
Third, when co-expressed with Csp, CFTR accumulated in a perinu-

clear compartment where it co-localized with calnexin. Consistent with
the biochemical and functional data, no CFTR was detected at the
plasma membrane of cells co-expressing CFTR and Csp. Although the
precise mechanism remains unclear, the H43Q mutant of Csp has also
been shown to interfere with vesicle fusion in neurosecretory and other
cell typeswhereCsp has been implicated in regulated exocytosis. There-
fore, Csp is thought to employ Hsp70 to facilitate interactions among
traffic regulatory proteins, and it may enhance their sensitivity to Ca2�

as a mediator of this process. In these systems, Csp overexpression
blocks exocytosis (50–52). An analogous block of CFTR traffickingmay
account for the effect of increased Csp on CFTR maturation; however,
reducing Csp augmented CFTR maturation, whereas studies of neuro-
secretory processes indicate that Csp knockdown has the opposite
effect, impairing exocytosis (53). These opposing actions of reducedCsp
suggest that it plays different roles in exocytosis at the plasma mem-
brane and in the early steps of CFTR biogenesis. The results obtained
from expression of the Csp E93V mutant support this idea; Csp E93V
inhibited insulin exocytosis (20), whereas its effect on CFTR expression
did not differ from that of WT Csp (Fig. 3). This suggests that the E93V
mutation may selectively affect distal trafficking events. Although the
precisemechanisms remain to be defined, it is likely that the Csp-Hsp70
chaperone complex facilitates different protein interactions at the ER
than those with which it interacts at the plasma membrane.
The action of Csp on CFTR maturation and the physical interaction

detected between Csp and CFTR suggest that an association between
these proteins may govern the transfer of newly synthesized CFTR to
post-ER compartments. In general, this step is mediated by the forma-
tion of carrier vesicles that bud from the ER (54), a process that is
regulated by the coat protein type II (COPII) complex (for review see
Ref. 55). In addition to the biosynthetic cargo, membrane targeting and
fusion components (i.e.Rab and Rab effector proteins, including soluble
NSF attachment protein receptors) are also recruited to this site, and
they ensure fidelity in the targeting of buddedmembranes to the appro-
priate acceptor destination. It is now clear that coat proteins assist in
sorting and selecting cargo (e.g. CFTR) for export (56–58). Whether
Csp plays a role in this process is unknown; however, Csp has been
implicated in GDP dissociation inhibitor-mediated Rab protein recy-
cling at the synapse (59). Csp was found to be a component (together
with Hsc70 and Hsp90) of a Rab3a regulatory complex that facilitates
GDP dissociation inhibitor-mediated extraction of Rab3 from pre-syn-
aptic acceptor membranes following vesicle fusion and returns it to
synaptic donor vesicles for additional rounds of neurotransmitter
release. Thus, it is possible that a similar specialized membrane-associ-
ated recycling chaperone system operates during bud formation and
vesicle trafficking from the ER in cooperation with Rab1 (60, 61). If this
is true, then the association of Csp with CFTR may provide a cargo-
associated regulator of Rab1 recruitment that controls CFTR exit from
the ER. Moreover, in its role as a CFTR chaperone, this arrangement
may allow Csp tomonitor the conformational properties of CFTR prior
to exit of the native, folded protein.
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Fig. 1 supplemental.  Csp does not elicit a general stress response.  CFTR with or 

without Csp (plasmid ratio 1:4) was expressed and assayed as in Fig. 1.  Corresponding 

levels of Hsp70 and Grp78 were determined by IB as a measure of cell stress or of the 

unfolded protein response.  Positive controls were performed by incubating HEK cells at 

42P

o
PC for 18 hrs or by treatment with tunicamycin (2 µM, 16 hrs).  GFP was employed as 

a negative control for the effects of Csp expression.   
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