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Abstract
S-nitrosothiols (SNOs) are endogenous signaling molecules with a broad spectrum of beneficial
airway effects. SNOs are normally present in the airway, but levels tend to be low in cystic
fibrosis (CF) patients. We and others have demonstrated that S-nitrosoglutathione (GSNO)
increases the expression, maturation, and function of wild-type and mutant F508del cystic fibrosis
transmembrane conductance regulator (CFTR) in human bronchial airway epithelial (HBAE)
cells. We hypothesized that membrane permeable SNOs, such as S-nitrosoglutathione diethyl ester
(GNODE) and S-nitroso-N-acetyl cysteine (SNOAC) may be more efficient in increasing the
maturation of CFTR. HBAE cells expressing F508del CFTR were exposed to GNODE and
SNOAC. The effects of these SNOs on the expression and maturation of F508del CFTR were
determined by cell surface biotinylation and Western blot analysis. We also found for the first
time that GNODE and SNOAC were effective at increasing CFTR maturation at the cell surface.
Furthermore, we found that cells maintained at low temperature increased cell surface stability of
F508del CFTR whereas the combination of low temperature and SNO treatment significantly
extended the half-life of CFTR. Finally, we showed that SNO decreased the internalization rate of
F508del CFTR in HBAE cells. We anticipate identifying the novel mechanisms, optimal SNOs,
and lowest effective doses which could benefit cystic fibrosis patients.
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1. Introduction
Cystic fibrosis (CF) is the most common monogenetic disease caused by a mutation in the
gene for CF transmembrane regulator (CFTR) protein, a cAMP activated chloride channel
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present mainly in epithelial cells [1–2]. More than 1500 mutations in the CFTR gene have
been identified in CF patients. The most common mutation, found in 90% of CF patients, is
F508del CFTR, which results from a deletion of three nucleotides in the gene sequence that
codes the first nucleotide binding domain (NBD1). This deletion results in a loss of the
amino acid phenylalanine (F) at the position 508 on the protein [1–2], which prevents the
protein from folding efficiently. Therefore it accumulates in the rough endoplasmic
reticulum (ER) where it is degraded [3–6].

Thus, like other integral membrane glycoproteins, CFTR and F508del CFTR biogenesis
initiate with the formation in the rough ER as immature core-glycosylated (~130–140 KDa,
known as band B). Properly folded, the immature form of CFTR (20–40%) travels through
the Golgi complex, where it undergoes further glycosylation to the mature protein (~170–
190 KDa, known as band C). Mature CFTR leaves the Golgi in vesicles that travel directly
to the cell membrane [2]. Interestingly, F508del CFTR is synthesized and properly inserted
into the membrane of rough ER, but fail to reach the native state and is thus recognized by
the ER quality control system, polyubiquitinated, and rapidly degraded by proteasome.
Therefore, this mutation affects the function and processing of the CFTR molecules [6].

Previous studies have shown that mutant F508del CFTR is functional [2]. Thus, clinically
plausible strategies that increase the maturation of the mutant CFTR will be a potential
benefit to majority of CF patients. Studies have revealed that inhibition of F508del CFTR
ubiquitination and proteosomal degradation with chemical or pharmacological chaperones
promotes its correct folding and channel function at the cell membrane [7–11]. Conditions
that promote at least partial rescue of misfolded CFTR from proteosomal degradation
include, low temperature [9,10], and introduction of an effective chemical chaperone such as
glycerol. The butyrate class of compounds such as 4-phenylbutyrate, efficiently correct
F508del CFTR processing, transport, and function in vitro [8]. Current literature suggests
that other correctors were shown to be relatively specific for rescuing F508del CFTR [12].
For example, Corr-4, Corr2b, VX-809 and VX-532 promote maturation of F508del CFTR.
In addition, multiple molecular chaperones assist in the productive folding of wild-type and
mutant forms of CFTR, including heat shock protein 70 (Hsp70) and 90 (Hsp90), heat shock
cognate 70 (Hsc70), cysteine string protein (Csp), and Hsp70/Hsp90 organizing protein
(Hop) [12,13].

S-nitrosothiols (SNOs) are endogenous cell signaling molecules [14–16] and are present in
the lungs; however at lower concentrations in CF patients [17]. SNOs inhibit the ubiquitin
proteasome pathway, stabilizing the expression of post-translational degradation-regulated
proteins such as hypoxia inducible factor 1 [18]. Because CFTR maturation is regulated in
part by degradation, there has been interest in determining whether SNOs can augment
CFTR maturation. Previous studies have shown that the endogenous SNO, S-
nitrosoglutathione (GSNO) increases cellular expression, maturation, and function of CFTR
in human airway epithelial monolayer cultures expressing wild-type and mutant F508del
CFTR [13,19–26]. However, since GSNO requires transport into the cell, more membrane
permeable SNOs, such as S-nitrosoglutathione diethyl ester (GNODE), and S-nitroso-N-
acetyl cysteine (SNOAC) may be more efficient in increasing the expression, maturation,
and function of F508del CFTR. Therefore, in the present study, we determined the effects of
GNODE, SNOAC and GSNO on F508del CFTR maturation in the cell surface in human
bronchial airway epithelial cells.
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2. Materials and methods
2.1. Chemicals and reagents

The compounds used in the experiments were obtained from the following: Pepstatin A
(Boehringer Mannheim Corp., Indianapolis, IN), Leupeptin and Aprotinin (Roche
Diagnostics, Mannheim, Germany), Electrophoresis reagents were from Bio-Rad (Hercules,
CA). All other chemicals were obtained from Sigma Chemical Company (St. Louis, MO)
unless otherwise stated. GSNO was prepared as previously described [13].

2.2. Cell Culture
Human bronchial airway epithelial (HBAE) cell lines expressing wild-type and mutant
F508del CFTR were provided by Dr. Eric Sorscher (University of Alabama). Primary
human bronchial airway epithelial (PHBAE) cells expressing wild-type and mutant F508del
CFTR were provided by Dr. Scott Randell (University of North Carolina). HBAE cells were
grown in DMEM medium and PHBAE cells were grown in bronchial epithelial cell growth
medium (BEGM) Bullet Kit (Lonza, Walkersville, MD). Cells were grown at 37 °C in a
humidified atmosphere of 5% CO2 in air as described previously [13,19–21].

2.3. Western blotting
Western blot analysis was performed as previously described [13,19–21]. Briefly, whole cell
extracts were prepared in 1% NP-40 lysis buffer and insoluble material was recovered and
sheared by passage through a 25-gauge needle. Protein was quantitated by the Lowry assay
by using protein assay kit (Sigma Chemical Co., St. Louis, MO). 100 μg of protein was
fractionated on a 6% SDS polyacrylamide gel. The fractionated proteins were transferred to
nitrocellulose membranes and blots were blocked in Tris buffered saline-Tween 20
containing 5% nonfat dried milk. Blots were probed with a 1:1000 dilution of anti-CFTR
mAb 596 antibody (a kind gift from Dr. J. R. Riordan, University of North Carolina). Blots
were washed and CFTR proteins was visualized by enhanced chemiluminescence (ECL,
Amersham) using Hyperfilm (Amersham Pharmacia Biotech). Blots were stripped and
probed with anti-α-tubulin antibodies (mouse monoclonal IgM, 1:5000; Biotech, Santa
Cruz, CA) as a control for protein loading. Relative quantitation was performed by
densitometric analysis of band intensity using Quantity One software (Bio-Rad).

2.4. Cell surface biotinylation
Cell surface biotinylation was performed as previously described [13]. Briefly, cells were
treated for 4 h with or without different concentrations of SNOs. The cells were washed (×3)
with ice-cold phosphate buffered saline (pH 7.4) containing 0.1 mM CaCl2 and 1 mM
MgCl2 (PBSCM) and then treated in the dark with PBSCM buffer containing 10 mM
sodium periodate for 30 min at 20 °C The cells were washed (×3) with PBSCM and
biotinylated by treating with sodium acetate buffer (100 mM sodium acetate buffer, pH 5.5;
0.1 mM CaCl2 and 1 mM MgCl2) containing 2 mM biotin-LC hydrazide (Pierce, Rockford,
IL) for 30 min at 20 °C in the dark. The cells were then washed (×3) with sodium acetate
buffer and solubilized with lysis buffer containing Triton X 100 and protease inhibitors.
CFTR was immunoprecipitated as described previously [13,20] and subjected to SDS–
PAGE on 6% gels. Biotinylated CFTR was detected with streptavidin-conjugated
horseradish peroxidase.

2.5. Internalization assay
CFTR internalization assays were performed as described previously [10]. Briefly, HBAE
cells were grown at 37 °C to 70% confluence, and then incubated for an additional 48 h at
27 °C in the absence or presence of GSNO (10 μM) for last 4 h. The cells were washed three
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times with ice-cold phosphate buffered saline (pH 7.4) containing 0.1 mM CaCl2 and 1 mM
MgCl2. The glycosidic moieties of cell-surface membrane proteins were derivatized with
sodium periodate and biotinylated using biotin-LC hydrazide (Pierce, Rockford, IL) for 30
min. Internalization of F508del CFTR, was conducted by including a 37 °C for 2.5 min
incubation after sodium periodate oxidation but before biotinylation with biotin-LC
hydrazide. The cells were then washed twice with sodium acetate buffer and solubilized
with lysis buffer. CFTR was immunoprecipitated with monoclonal anti-CFTR mAb 596
antibody and subjected to SDS–PAGE on 6% gels. Biotinylated CFTR was detected with
streptavidin-conjugated horseradish peroxidase. CFTR internalization was identified as the
percentage CFTR remaining in the cell surface during the warm-up period compared with
the control.

2.6. Statistics
We conducted two-way ANOVA for each experiment. In each model, we included the main
effects of treatment and band, and their interaction. The statistical analyses were performed
with SAS 9.1 (SAS Institute Inc., Cary, NC). Multiple comparisons were adjusted by the
Dunnett's method. A value of p < 0.05 was considered statistically significant.

3. Results
3.1. S-nitrosoglutathione diethyl ester and S-nitroso-N-acetyl cysteine increase F508del
CFTR expression in the cell surface

To confirm that mutant F508del CFTR is expressed on the cell surface following treatment
with GNODE and SNOAC, we performed cell surface biotinylation and Western blot
analysis. Human bronchial airway epithelial cells expressing mutant F508del CFTR treated
in the presence or absence of increasing concentrations of GNODE (Fig. 1A) and SNOAC
(Fig. 1B) for 4 h. These studies demonstrated that membrane permeable GNODE and
SNOAC are also effectively increasing the F508del CFTR expression and maturation.
GNODE began to significantly elevated expression of CFTR at low concentration as low
concentration as 1 μM (2.7-fold, n = 3; Fig. 1A). However, the maximum increase in CFTR
expression by GNODE (5.57-fold, n = 3) and SNOAC (3.1-fold, n = 3) occurred with 10 μM
concentrations (Fig. 1A and B).

3.2. Low temperature and GSNO increase F508del CFTR expression and maturation in
F508del CFTR HBAE cells

Here, we demonstrated that low temperature and GSNO affect the up-regulation of F508del
CFTR expression by quantitative immunoblot analysis. HBAE cells expressing F508del
CFTR were grown at 37 °C to 70% confluence, and then incubated for an additional 48 h at
27 °C in the absence or presence of 10 μM GSNO for the last 4 h. After 4 h of treatment, the
old media were replaced with a new one without GSNO, and cells were returned to 37 °C
incubator for 0, 2, 4, 6, 8, and 12 h. Our results show that the mature forms of F508del
CFTR are stable without GSNO until 2 h after return to 37 °C and then expression starts to
decline in a time dependent manner (Fig. 2). More importantly, our results show that after 4
h of treatment with 10 μM GSNO in the presence of low temperature (27 °C), both
immature (band B) and mature (band C) expression of CFTR was significantly induced and
started decline only after 8 h of incubation. At 0 h after treatment with GSNO for 4 h and 27
°C the immature CFTR (band B) induced almost 2-fold (n = 3) up to 4 h of incubation at 37
°C and then slowly started decline. However, mature CFTR (band C) induced almost 3-fold
(n = 3) up to 4 h of incubation at 37 °C and then started to decline. These results indicate
that surface expression of F508del CFTR can be markedly enhanced with SNO's treatment
(Fig. 2).
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3.3. Low temperature and GNODE increase the cell surface stability and extend the cell
surface half-life of F508del CFTR

We monitored the effect of low temperature in the absence or presence of GNODE on the
cell surface half-life of mutant primary human bronchial airway epithelial (PHBAE) cells by
using cell surface biotinylation based assay. PHBAE cells expressing F508del CFTR were
grown at 37 °C to 70% confluence, and then incubated for an additional 48 h at 27 °C in the
absence or presence of GNODE (10 μM) for the last 4 h. After 4 h of treatment, the old
media were replaced with a new media without GNODE, and cells were returned to 37 °C
incubator for 0, 2, 4, 6, 8, and 12 h. The mature glycosylated forms of F508del CFTR is
stable without GNODE until 2 h after return to 37 °C and after that expression started
decline (Fig. 3A). However, F508del CFTR markedly induced almost 3-fold (n = 3) by
combination treatment with GNODE and low temperature (27 °C), and stable up to 6 h and
then slowly started decline (Fig. 3B). These results nicely demonstrated that GNODE also
increases the cell surface stability, and extends the cell surface half-life of mutant F508del
CFTR in PHBAE cells.

3.4. Internalization measurement
An internalization time of 2.5 min was selected for all assays conducted at 37 °C because, at
this temperature, previous internalization times occur in different cell lines [10]. Biotin-LC-
hydrazide is not membrane permeable; hence the only biotin-accessible CFTR is what
remains on the cell surface during the warm-up period. Thus, alterations in the surface pool
of CFTR after 2.5 min were reflected in a loss of biotinylated CFTR, and this loss
corresponds to the CFTR that had been internalized from the cell surface (Fig. 4). After
internalization, cells were lysed and biotinylated CFTR were analyzed by 6% SDS–PAGE
with horseradish peroxidase-conjugated avidin. These results indicate that GSNO (10 μM)
decreased the internalization rate about twofold within 2.5 min (Fig. 4).

4. Discussion
CF is a multi-organ system disease associated with mutations in the gene that codes for
CFTR protein. The most prevalent mutation associated with CF, F508del CFTR, occurs in
more than 90% of CF patients [1,2]. Therefore, most CF therapeutic efforts focus on
correcting this mutant. The majority of wild-type and almost all F508del CFTR are degraded
before reaching the cell surface. Most CFTR proteins are polyubiquitinated and rapidly
degraded by the proteasome [3,4] and degradation of F508del CFTR is indistinguishable
from the processes involved in the degradation of wild-type CFTR. Studies have shown that
a number of enzymes required for ubiquitination activation, especially ubiquitin activating
enzyme (E1) and ubiquitin conjugating enzymes (E2) contain reactive thiol residues [18].
Thus, the mechanisms that stress the biosynthesis, trafficking, and degradation of CFTR
provide a unique opportunity to understand the pathogenesis of CF at the molecular levels.
Therefore, there is a large interest in identifying compounds with a favorable
pharmacological profile that could reverse the molecular defect and prevent CF disease
progression in vivo. Several in vitro studies have shown that low temperature and chemical
chaperones such as glycerol and 4-phenylbutyrate increase expression of F508del CFTR at
the cell surface [8–11,13].

Using human airway epithelial monolayer culture, we and several other groups have found
that GSNO increases the expression, and maturation of CFTR in F508del CFTR mutant
homozygous CFPAC-1, F508del-transfected BHK cells, wild-type CFTR-transfected
CFPAC-1 cells (CFPAC-1LJ6), BHK-wild-type transfected cells [13,19–21]. Additionally,
GSNO increases the cell-surface expression and function of, F508del CFTR in mIMCD3
(mouse inner medullary collecting duct) cells infected with F508del-recombinant adenovirus
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[24] and F508del CFTR homozygous human airway epithelial cells [25]. Thus there is
interest in these compounds as a novel class of corrector therapies for CF. We have reported
that GSNO targets the CFTR co-chaperone, the Hsp70/Hsp90 organizing protein (Hop; or
stress-induced phosphoprotein 1, Stip1) for S-nitrosylation and ubiquitination; and that this
process is necessary and sufficient to explain the effect of GSNO to correct CFTR function
in human airway epithelial cell monolayer culture [13]. In addition, we found that heat
shock cognant (Hsc70) is associated with CFTR in the ER, and is S-nitrosylated by GSNO.
In the presence of GSNO, S-nitrosylation of Hsc70 prevents CFTR degradation and allows
for stabilization of CFTR as it leaves the ER and is transferred to the Golgi [13]. To date, the
mechanisms influencing the abundance of S-nitrosylated Hop, and Hsc70 are not completely
understood. Our preliminary data suggest that S-nitrosylation of Hop and Hsc70 are central
target factors by which SNOs increase cellular expression and maturation of CFTR [13].

The data presented here provide the first evidence that membrane permeable SNOs, such as
GNODE and SNOAC, more efficiently increase the expression of mutant F508del CFTR on
the cell surface in a dose dependent manner of HBAE cells (Fig. 1). A number of studies
have shown that cell culture at low temperature (27 °C) is the most effective method of
rescue the trafficking of misfolded F508del CFTR protein to the cell surface [9–11]. Our
present study demonstrated that when cells are kept at low temperature, the stability of
F508del CFTR is enhanced, despite the fact that F508del CFTR is rapidly degraded once the
temperature is raised to 37 °C. However, in the presence of GSNO, the up-regulation of
immature and mature F508del CFTR expression significantly enhanced. The central aim of
this experiment was to follow the cell surface fate of F508del CFTR at 27 °C and 37 °C and
compared the results in the presence or absence of GSNO. This result showed us that the
combination of both treatments (GSNO/low temperature) had a greater effect than low
temperature alone on the up-regulation of CFTR expression in HBAE cells (Fig. 2).

Another critically important find from our study is that GSNO or GNODE treatment
dramatically stabilized the surface pool of F508del CFTR. One explanation for this
observation is that CFTR degradation slows down during hypothermia and S-nitrosylated
Hop, which inhibit Hop from associating with CFTR, ultimately helps trafficking of CFTR
to the cell surface. However, when cells were returned to 37 °C, the association of CFTR
and co-chaperone Hop become stronger and CFTR reversed to a misfolded stage. In this
misfolded stage, CFTR are likely to be accessible to ubiquitination and subsequent
degradation. Further we monitored the effect of low temperature in the absence or presence
of GNODE (10 μM) on the cell surface half-life of mutant F508del CFTR in primary human
bronchial airway epithelial cells by using the cell surface biotinylation based assay.
Interestingly, we found that cells maintained only at the low temperature (27 °C) minimally
enhanced the cell surface stability. However, in the presence of GNODE (10 μM)
significantly enhanced the cell surface stability and extend the cell surface half-life of
F508del CFTR compared with untreated control (Fig. 3A and B). These results indicate that
surface expression of F508del CFTR can be evidently boosted by carefully chosen
combination agents.

Internalization rate decreased, but still occurred in rescued F508del CFTR in the presence of
low temperature or GSNO (10 μM) (Fig. 4). Previous data suggest that low temperature
block degradation of internalized proteins by inhibiting their transport to lysosomes [27].
However, it is not clear whether transport to the lysosome or the initial steps of
ubiquitination-dependent internalization are still functional at low temperature. Our data
illustrates that GSNO slows down the internalization rate of CFTR thus suggesting the
possibility that GSNO acts by ubiquitin-dependent internalization. Note that the target of
GSNO, Hop is important in cell surface CFTR recycling, and siRNA against this target
helps to maintain cell surface expression [13,28]. We previously showed that the
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proteosomal inhibitor such as MG132 prevents the effect of GSNO on Hop degradation and
further increases Hop-S-nitrosylation and ubiquitination [13].

The ability of SNOs to augment the maturation of the CFTR could be helpful on the
treatment of CF. In contrast to glycerol and 4-phenylbutyrate; SNO is an endogenously
produced and present at low concentration in the extracellular fluids of the human lung and
brain. Thus, there is growing interest in these compounds as a novel class of corrector
therapies for CF. Further, low doses GSNO inhalation increases oxygen saturation and is
well tolerated in patients carrying a F508del CFTR mutation [22]. Taken together, these
results suggest that specific SNOs treatment may supplemented by other corrector therapies
to help re-establish mutant F508del CFTR function in CF patients.
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Fig. 1.
S-nitrosoglutathione diethyl ester and S-nitroso-N-acetyl cysteine increase F508del CFTR
expression in human airway epithelial cell surface. HBAE cells were incubated in the
absence or presence of GNODE and SNOAC for 4 h. To confirm that the fully glycosylated
F508del CFTR was expressed at the cell surface, cells were surface biotinylated using biotin
LC-hydrazide assay. CFTR protein expression was measured by immunoblot using anti
CFTR mAb 596. The membrane was stripped and re-probed with a-tubulin to verify that
equal amounts of protein were added. The optical densities of the bands were quantified by
densitometry. Data are the mean ± SD, n = 3, *p < 0.05 **p < 0.001.
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Fig. 2.
Low temperature and S-nitrosoglutathione rescue and stabilize mutant F508del CFTR in
HBAE cells. At each time point, cells were lysed in lysis buffer and total protein
concentrations were measured and CFTR protein expression was measured by immunoblot
using anti-CFTR mAb 596. Blots were scanned, and densitometry was performed for
quantification. Data are the mean ± SD, n = 3, *p < 0.05 **p < 0.001.
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Fig. 3.
Low temperature and S-nitrosoglutathione diethyl ester increase the cell surface stability and
extend the cell surface half-life of F508del CFTR in PHBAE cells. To confirm that the fully
glycosylated F508del CFTR was expressed at the cell surface, cells were surface
biotinylated using biotin-LC-hydrazide assay. CFTR was immunoprecipitated and subjected
to SDS–PAGE on 6% gels; biotinylated CFTR was detected with streptavidin-conjugated
horseradish peroxidase. The membrane was stripped and re-probed with a-tubulin to verify
that equal amounts of protein were added. Blots were scanned, and densitometry was
performed for quantification. Data are the mean ± SD, n = 3, *p < 0.05 **p < 0.001.
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Fig. 4.
S-nitrosoglutathione decreases the internalization rate of F508del CFTR. The measurement
of internalization of glycoproteins in the cell surface studied by including a 37 °C
incubations after sodium periodate oxidation treatment, but before biotynylation by biotin-
LC hydrazide. Any glycoproteins present at the cell surface at the time of sodium periodate
treatment, but then internalized during the 37°C incubation would not be available for
biotynylation. After internalization, cells were lysed and proteins were analyzed by 6%
SDS–PAGE. GSNO decreased the internalization rate within 2.5 min. Blots were scanned,
and densitometry was performed for quantification. Data are the mean ± SD, n = 3, *p <
0.05.
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