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Abstract

Introduction: Cystic fibrosis (CF) is a multisystem disease associated with mutations in the gene that encodes the CF 
transmembrane conductance regulatory (CFTR) protein. S-nitrosothiols (SNOs) are endogenous cell signaling molecules with 
relevance to human lung disease, including cystic fibrosis (CF). S-nitrosoglutathione (GSNO), one class of SNOs levels are 
significantly lower in the CF airway than the healthy airway. Here, we address whether GSNO interact with activator of the 
Hsp90 ATPase (Aha1), which targets improperly folded CFTR for degradation. 
Materials and methods: We used human bronchial airway epithelial (CFBE410-) cells expressing wild type and mutant 
F508del CFTR protein. Immunoblot analysis was performed in the presence or absence of GSNO by using monoclonal antibodies 
for Aha1 and CFTR. We knocked down endogenous Aha1 with Aha1 siRNA duplexes. Next, we tested Aha1 S-nitrosylation by 
using a biotin switch assay and measurement of ATPase activity by using the EnzChek phosphate detection kit. Finally, we used 
confocal laser scanning microscopy for co-localization of Aha1 and CFTR.
Results: Our study showed that GSNO significantly decreased Aha1 expression. Following Aha1 knockdown, CFTR maturation 
levels were elevated at the cell surface in F508del CFTR. In the presence of GSNO. F508del CFTR maturation was further 
increased. We found that CFTR-associated Aha1 is S-nitrosylated and inhibits its ATPase activity by GSNO. Finally, we showed 
cellular co-localization of Aha1 with CFTR by confocal microscopy. 
Conclusion: Our observations offer a novel approach in identifying the key mechanism by which SNOs increase F508del CFTR 
maturation and cell membrane stabilization.
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Abbreviations: CF: Cystic Fibrosis; CFTR: CF 
Transmembrane Conductance Regulatory; SNOs: 
S-nitrosothiols; GSNO: S-Nitrosoglutathione; Csp: Cysteine 
String Protein; Hsp: Heat Shock Protein; CHIP: C-Terminus 
Hsc70 Interacting Protein; Hop: Hsp90 Organizing 
Protein; DMEM: Dulbecco’s Modified Eagle Medium; IP: 

Immunoprecipitation.

Introduction

Cystic fibrosis (CF) is an inherited disorder that is 
especially common among those with European heritage. The 
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disease affects multiple organ systems by thickening epithelia 
mucus into a thick copious substance that accelerates host 
infection [1]. The genetic component of CF is varied and has 
been associated with roughly 2,000 mutations in the CFTR 
gene. CFTR is an epithelial chloride channel regulated by 
cGMP and a subtype of the ABC- transporter superfamily 
that is expressed in the luminal membrane of epithelial cells 
in the airways, pancreas and other organs [2]. In F508del-
CFTR, the most common genetic mutation associated with 
CF, CFTR folds incorrectly because a phenylalanine is deleted 
from the CFTR amino acid sequence. Misfolded CFTR cannot 
fully mature and is degraded by molecular chaperones before 
it reaches the cell surface [3,4], causing the loss of epithelial 
Cl- conductance and organ damage. F508del CFTR present at 
the cell membrane is partially functional, so there is interest 
in CF treatments that would allow misfolded CFTR to reach 
the cell surface [4,5]. S-nitrosothiols (SNOs) are endogenous 
signaling molecules with many useful effects on the human 
airways [6-16]. Multiple proteins relevant in pulmonary 
disease, including CF, undergo S-nitrosylation reactions, which 
are metabolically regulated post-translational modifications 
that avert the degradation of specific proteins [8-11]. 
We have been interested in examining whether SNOs prevent 
CFTR degradation and increase its maturation. Different 
SNOs increase the expression and function of both wild type 
and mutant F508del CFTR [17]. SNOs can increase CFTR 
maturation by S-nitrosylating specific cysteine residues 
in the co-chaperones or molecular chaperones involved in 
the trafficking and biogenesis of CFTR, such as heat shock 
protein (Hsp) 70, Hsp90 organizing protein (Hop), heat 
shock cognate 70 (Hsc70), cysteine string protein (Csp) 
and C-terminus Hsc70 interacting protein (CHIP) [18-27]. 
Molecular chaperones are proteins that help other proteins 
fold, but they do not become part of the final product [27-32]. 
SNOs increase CFTR maturation by S-nitrosylating cysteine 
residues on heat shock protein (Hsp) 70, heat shock cognate 
70 (Hsc70), Hsp90 organizing protein (Hop) and cysteine 
string protein (Csp) [5,19-20].

Aha1 (38 kDa) is an essential ubiquitous Hsp90 co-
chaperone and an ATPase regulator. An interaction between 
Aha1 and Hsp90 is crucial for allowing CFTR to fold properly 
[28-33] and is believed to play a critical role in directing 
folding-deficient F508del CFTR for degradation [4,27-33]. 
Inhibiting the formation of the Hsp90-Aha1 chaperone 
complex formation would prevent proteolysis of the 
Hsp90-F508del CFTR complex and allow it to function as 
a chloride channel [33]. In this work we demonstrate that 
S-nitrosoglutathione (GSNO) reduced both Aha1 expression 
and function. Mimicking the effects of SNOs, Aha1 knock-
down with siRNA leads to greater F508del CFTR expression 
at the cell surface. Targeting this SNO-Aha1 interaction has 
potential as an innovative CF corrector.

Materials and Methods 

Chemicals and Reagents

Pepstatin A and electrophoresis reagents were obtained 
from Boehringer Ingelheim (Indianapolis, IN) and Bio-
Rad (Hercules, CA), respectively. Leupeptin and aprotinin 
were acquired from Roche Diagnostics (Mannheim, 
Germany). Unless otherwise, all other chemicals were 
purchased from Sigma Chemical Company (St. Louis, MO). 
S-nitrosoglutathione (GSNO) was prepared according to 
previously published protocol [11,19].

Cell Culture

We cultured CF bronchial epithelial (CFEB41o-) cell 
lines provided by Dr. Eric Sorscher (University of Alabama 
Birmingham, AL) expressing wild type & homozygous 
mutant F508del CFTR. Cells were grown in a monolayer at 
37°C in humidified 5% CO2 air using Dulbecco’s modified 
Eagle medium (DMEM) as described before [17-21]. 

Western Blotting and Immunoprecipitation

Western blotting was completed following previously 
published protocol [17-21]. Whole cell extracts were 
prepared in 1% NP-40 lysis buffer (50 mM Tris-HCl, pH 8.0, 
1% NP-40, 150 mM NaCl, 2 µM leupeptin, 1 µM aprotinin, 
and 1 µM pepstatin, 1mM DTT, 1 µM PMFS, and 2 µM 
Na3VO4). After centrifugation at 10,000 RPM to recover 
insoluble materials, cellular materials were sheared by 
passing through a 25-guage needle. After extraction, we 
performed a Lowry assay (BCA Protein Assay Kit, Pierce 
Protein Research Products, Thermo Fisher Scientific, 
Waltham, MA). 100 µg of protein were fractionated on a 6% 
SDS polyacrylamide gel under reducing conditions and then 
shifted to nitrocellulose membranes (Bio-Rad, Hercules, CA). 
After blots were blocked in Tris buffered saline-Tween 20 
containing 5% nonfat dried milk, they were probed with a 
1:1000 dilution of anti-CFTR mAb 596 antibody (University 
of North Carolina, Chapel Hill, NC) or a 1:1000 dilution of 
Aha1 antibody, anti-Aha1 (Thermo Fisher Scientific) and 
a 1:3000 dilution of HRP-conjugated secondary antibody 
(Santa Cruz Biotechnologies). Once the blots were washed, 
they were visualized using enhanced chemiluminescence 
(ECL, Super Signal West Pico, Chemiluminescent Substrate, 
Thermo Fisher Scientific). Blots were stripped and probed 
with a 1:1000 dilution of anti-β-actin antibody, rabbit 
monoclonal IgM (Cell Signaling Technology, Danvers, MA) as 
a loading control. Using Quantity One software (Bio-Rad), we 
determined relative protein quantitation of each band using 
densitometry. We performed immunoprecipitation (IP) 
as previously outlined [19]. Confluent CFBE41o- grown in 
monolayer expressing wild-type and mutant F508del CFTR 
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were used. Whole cell extracts were prepared as outlined 
above for the Western blot analysis. Ten µl of primary Aha1 
antibody (anti-Aha1, Thermo Fisher Scientific) or CFTR 
antibody (anti-CFTR mAb 596 antibody, University of North 
Carolina Chapel Hill) were added to each fraction, and they 
were incubated overnight at 4°C with gentle shaking. After 
supernatant antibodies mixtures were treated with 70 µl 
of Protein A (Boehringer Mannheim, Indianapolis, IN), they 
were incubated for another 4 h. After the samples were 
centrifuged for one min, they were washed twice with 
RIPA buffer to remove bound proteins from beads. Proteins 
were eluted from the beads using 100 µl of sample buffer, 
incubated and mixed for one h. After IP, 50 µg of protein were 
fractionated on a 6% SDS polyacrylamide gel under reducing 
conditions as outlined above. 

Cell Surface Protein Biotinylation

Cell surface biotinylation was carried out as previously 
outlined [18-19]. CFBE41o- cells expressing mutant F508del 
CFTR were exposed to the indicated GSNO concentrations 
for 4h. After the cells were washed three times with ice-cold 
PBS containing 0.1 mM CaCl2 and 1 mM MgCl2 (PBSCM), they 
were treated in the dark with PBSCM buffer containing 10 
mM sodium periodate at 20°C for 30 min. The cells were 
washed three more times with PBSCM and biotinylated by 
treating them 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 washed 
three times with sodium acetate buffer and solubilized using 
lysis buffer with protease inhibitors and Triton X-100 and. 
CFTR was immunoprecipitated as previously described 
[19] and subjected to SDS-PAGE on 6% gels under reducing 
conditions. Streptavidin-conjugated horseradish peroxidase 
was used to detect biotinylated CFTR.

Knock-down of endogenous Aha1 by siRNA

HPLC analysis (Santa Cruz Biotechnologies, Dallas, TX) 
revealed the Aha1-siRNA duplexes exhibited >90% purity. 
Scrambled siRNA served as the control group. F508del CFTR 
CFBE41o- cells were transfected with 50 nM of Aha1 siRNA or 
scrambled. 48h later, they were washed three times with PBS 
and then lysed. A 100 µg sample of protein was fractionated 
on a 6% SDS-PAGE. Blots were probed at a 1:500 dilution of 
monoclonal anti-Aha1 antibody (Thermo Fisher Scientific) 
and HRP-conjugated secondary antibody to confirm positive 
knockdown.

S-Nitrosylation of Co-chaperone Aha1 and 
Measurement of ATPase Activity

S-Nitrosylation of Aha1 was carried out as defined 

before [18,19]. CFBE41o- cells were exposed to 5 and 
10 µM GSNO or buffer for 4 h in humidified 5% CO2 air at 
37°C, and proteins were extracted without reducing agents. 
S-nitosylated proteins were isolated from 100 µg of each 
extract by the biotin switch method [19]. Whole cell lysates 
were precipitated using acetone and re-suspended in 100 
µl HEN Buffer (250 mM HEPES pH 7.7, 1 mM EDTA, 0.1 
mM neocuproine). Samples were mixed with 4 volumes 
of blocking solution and incubated at 50°C for 20 min 
with shaking. Protein was precipitated by acetone, re-
suspended in HEN buffer containing 1 mM Biotin-HPDP 
(Pierce, Rockford, IL) and 1 mM ascorbate and incubated 
for 1 h at room temperature. Biotin HPDP was removed by 
precipitation with acetone and the pellet was re-suspended 
in 100 µl HEN buffer and neutralized using neutralization 
buffer (20 mM HEPES pH 7.7, 10 mM NaCl, 1 mM EDTA, 
0.5% Triton X-100.). Biotinylated proteins were isolated 
by incubation with streptavidin agarose for 1 h at room 
temperature. Resin was washed five times with neutralization 
buffer containing 600 mM NaCl and biotinylated protein was 
eluted with SDS-PAGE loading buffer. Protein ATPase activity 
was measured using the EnzChek phosphate detection kit 
(Molecular Probes, Eugene, Oregon). Wild type and F508del 
CFBE41o- cells were treated with 5 and 10 µM GSNO for 4h 
and then immunoprecipited for SNO-Aha1. 120 µl cuvettes 
were used for the assay. A Baeckman Coulter DU 530 
spectrophotometer (Indianapolis, IN) was used to determine 
phosphate production as a measure of baseline Pi of solution 
and Pi produced by ATPase by measuring absorbance at 360 
nm. Assays were performed in 40 mM HEPES, pH 7.5, 150 
mM KCl, 5 mM MgCl2, and 2 mM ATP at 37°C. 

Immunofluorescence and Confocal Microscopy

Immunofluorescence and confocal laser scanning 
microscopy were carried out as described before [34,35]. 
Once CFBE41o- cells were harvested to confluence on glass 
coverslips, they were rinsed three times with 5 ml of PBS, 
fixed with 3.7% paraformaldehyde for 5 min and then rinsed 
three times with PBS, permeabilized with 0.1% Triton X-100 
in PBS (v/v) (10 min), rinsed two more times with PBS, then 
incubated with blocking solution of 5% normal goat serum 
(NGS) and 0.01% Triton X-100 in 1X PBS (PBS-T-NGS) for 
45 min at room temperature and incubated overnight at 4ᵒC 
with primary anti-Aha1 antibody (1:100, anti-Aha1,Thermo 
Fisher Scientific) or with primary anti-CFTR antibody (1:150 
dilution, mouse monoclonal mAb 596, University of North 
Carolina Chapel Hill). The cells were then rinsed with blocking 
solution twice for 15 min and incubated at room temperature 
for 45 min with a secondary antibody to CFTR (1:500 
dilution, Alexa Fluor 568, Molecular Probes, Invitrogen, 
Carlsbad, CA) or Aha1 (1:500 dilution, Alexa Flour 488, 
Molecular Probes, Invitrogen), made in blocking solution. 
The cells were washed twice for 15 min in blocking solution 
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with 0.1% NGS, stained with DAPI for nuclear staining, and 
washed in PBS. As a negative control, an isotype control for 
mouse and rabbit (BD Pharmingen, Mississauga, ON Canada) 
were respectively used at the same concentration as Aha1 
and CFTR primary antibodies, followed by labeling with the 
individual secondary antibodies. The cells were mounted and 
imaged using 63x NA1.4 oil immersion lens on Leica TCS SP5 
for laser scanning confocal microscopy. The white light lasers 
of 488 nm (20%) and 568nm (65%) were used for excitation 
of Aha1-Alexa488 (Emission 500-550 nm) and CFTR-Alexa 
568 (Emission 580-640 nm) correspondingly. Alike imaging 
parameters were used for isotype controls.

Statistics

A two-tailed unpaired t-test was conducted and results 
are stated as means ± SD. p < 0.05 was considered significant.

Results

GSNO decreases the endogenous Aha1 levels in 
CFBE41o- cells

Both mutant F508del CFTR and wild type CFBE41o- cells 
expressed Aha1 (Figure 1A). We exposed CFBE41o- cells to 
10 µM of GSNO, which was previously shown to be effective 
[17-26]. After 4h, we found decreased Aha1 expression in 
these cells (4.0-fold, and 3.6-fold, p<0.002; n=4; Figures 1A, 
B). 

Aha1 Knockdown Promotes F508del CFTR 
Expression

CFBE41o- cells expressing F508del CFTR were 

transfected with 50 nM of siRNA Aha1 duplexes specific for 
Aha1. We found that cell surface expression of F508del CFTR 
increased 48h after transfection (2.6-fold, p<0.002, n=3). 
siRNA transfected CFBE41o- cells incubated with GSNO (10 
µM, 4h) further increased F508del maturation compared to 
non-treated cells (3.5-fold, p<0.002, n=3). When a scrambled 
siRNA control was applied, CFTR expression was not affected 
(Figures 2A, B). 

CFTR-associated Aha1 is S-nitrosylated and 
Inhibits its ATPase Activity

We checked whether the F508del CFTR-associated Aha1 
is S-nitrosylated. CFBE41o- cells were exposed to 5 and 10 
µM GSNO for 4 hours. To co-immunoprecipitate Aha1 and 
CFTR, isolated whole cell extracts were incubated with 
antisera. An established biotin switch assay was used to 
measure SNO-modified Aha1 proteins as previously outlined 
[19]. We found that Aha1 is S-nitrosylated in a concentration-
dependent manner. Densitometry was used to measure 
the optical densities of the bands (Figure 3B, n=3, p<0.01). 
Wild type and mutant F508del CFBE41o- cells were treated 
with 5 and10 μM GSNO for 4 h, IP for SNO-Aha1, Protein 
ATPase activity was then quantified in both conditions. In 
both wild type and F508del CFBE41o- cells, 10 µM GSNO 
significantly decreased ATPase activity (1.2-fold and 1.77-
fold respectively, p<0.01, n=3, Figure 3C)

Cellular Co-localization of Aha1 and CFTR

Immunofluorescence microscopy revealed Aha1 
partially co-localizes with CFTR (Figure 4A). When isotype 
controls were examined, no signal was observed (Figure 4B), 
supporting the notion that the co-chaperone Aha1 interacts 
with CFTR in CFBE41o- cells.
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Figure 1: Aha1 is expressed in CFBE41o- cells expressing mutant F508del and wild type CFTR by Western blot using rabbit 
polyclonal anti-Aha1 antibody and 100 µg protein load (A). In the presence or absence of 10 µM GSNO for 4 h. We show 10 µM 
GSNO decreased the Aha1 expression levels in both mutant and wild type cells. Membranes were stripped and reprobed with 
β-actin. The optical densities of the bands were quantified by densitometry (B). Data are the mean ±SD, n=3, *p<0.01.
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Figure 2: Knock down of endogenous Aha1 was accomplished by transfection of CFBE41o- cells with 50 nM of Aha1 siRNA 
duplexes specific for Aha1compared to scrambled. After 48 h post-transfection, cells were treated for 4 h in the presence 
or absence of GSNO. Cell surface biotinylation was performed, as previously described [19]. CFTR was IP with monoclonal 
antibody (anti-CFTR mAb596) and subjected to SDS-PAGE on 6% gels; biotylated CFTR was detected with streptavidin-
conjugated HRP. The membrane was stripped and reprobed with β-actin (A). The optical densities of the bands were quantified 
by densitometry (B). Data are the mean ±SD, n=3, *p<0.01.

Figure 3: CFBE41o- cells were exposed to 5 and 10 µM GSNO for 4 hr. SNO proteins in whole cell lysates underwent biotin 
switch assay, followed by streptavidin purification and underwent immunoblot with anti-Aha1 antibody (A), as described 
previously [27]. The optical densities of the bands were quantified by densitometry (B). GSNO modification of Aha1 ATPase 
activity (C), was measured using the EnzChek phosphate detection kit. Wild type and F508del CFBE41o- were treated with 
5 and 10 μM GSNO for 4 h and IP SNO-Aha1, then protein ATPase activity was measured in both conditions (C). Data are the 
mean ±SD, n=3, *p<0.01. 
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Figure 4: Confocal microscopy was performed on CFBE41o- cells. First cells were fixed with 3.7% paraformaldehyde for 5 
minutes, permeabilized by 0.1% Triton X-100 and incubated with primary CFTR (anti-CFTR mAb 596) and anti-Aha1 antibody 
at 4oC overnight. Cells were incubated with secondary antibodies for 45 minutes at RT, then mounted with coverslips and 
visualized with the Leica laser scanning confocal microscopy. Representative images are shown from triplicate experiments 
revealing co-localization of CFTR (green) and Aha1 (red) in merged images (orange) (a). The mouse and rabbit isotypes were 
used as a negative control (b).

Discussion

Cystic fibrosis can manifest as frequent respiratory 
infections, chronic lung disease and death. In patients with 
F508del, the CFTR protein is not on the plasma membrane 
because it is degraded before fully maturing, but it can still 
operate as a less effective chloride channel if it can be driven 
to the plasma membrane [2-4]. Finding improvements 
to therapies that can bring F508del CFTR to the plasma 
membrane is crucial. 

With low concentrations of SNOs, mutant F508del 
CFTR maturation and cell membrane expression increases 
[19,21]. S-nitrosylating agents, including GSNO, influence 
CFTR expression by activating the specificity protein, Sp1/
Sp3 transcription factors [18] and participating in intricate 
interactions between various co-chaperones that affect the 
folding and trafficking of F508del CFTR [19]. S-nitrosylating 
the cysteine residues of specific chaperones that regulate 
CFTR biogenesis and cell surface trafficking increases CFTR 
expression [19-20,27-32].

SNO levels in the airways are lowered CF patients 
[9]. Thus impending degradation of GSNO itself is an 
ineffective treatment for CF airway disease. Inhibition of 

S-nitrosoglutathione reductase (GSNO-Reductase) failed to 
improve lung function in CF patients, but it lowered sweat 
chloride levels and increased weight gain likely because 
GSNO synthesis is decreased in [22], Exogenous GSNO 
has been used safely in human trials, and it has numerous 
benefits independent of CFTR [18-22,24-26]. Thus direct 
replacement of GSNO or an equivalent will likely be more 
effective than inhibiting catabolism [34].

Transnitrosation is required in the signaling pathways 
of many different cell and organ systems. We have examined 
whether compounds that can bypass the bioactivation 
required for GSNO can act as intracellular NO- donors [18-
20]. Dose-response studies conducted in cell cultures 
treated with 5-10 μM of GSNO is ideal for correcting CFTR 
in CF cell monolayers [19,21]. However, transnitrosation 
augments CFTR maturation so inhalational SNO-like agents 
could potentially serve as effective F508del correctors. In 
full-thickness cells, GSNO analogues that are cell permeable 
can increase functional F508del CFTR expression [20]. Thus 
the effects of S-nitrosylation could allow F508del CFTR to 
mature in complex epithelial systems if the cell membrane 
permeable ester is used [19]. Some potentially relevant 
therapies that should considered include inhaled GNOD, 
SNOAC, and ethyl nitrate.
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Previous studies demonstrated that CFTR trafficking is 
regulated by Aha1 [29-33]. We demonstrated that Aha1 is 
expressed in both CFBE41o- cells expressing both mutant 
F508del CFTR and wild type CFTR. Note that expression 
levels were lower in CFBE41o- cell lines (both F508del/
wild-type) when compared to another CFTR co-chaperone 
CHIP [35]. Further, Aha1 increases CFTR trafficking to the 
cell surface in monolayer cultures by GSNO. While Aha1 
knockdown with siRNA increases CFTR expression, it does 
not increase CFTR expression as much as knockout of another 
CFTR co-chaperone CHIP [35,36]. However, the effect of Aha1 
knockdown is magnified when SNOs are introduced. We also 
found that GSNO decreased Aha1 expression and diminished 
protein ATPase activity at 10 µM GSNO treatments resulting 
in lowered CFTR-Aha1 interaction. Taken together, the 
beneficial effect of SNOs in CFTR maturation is related in 
part to suppressing Aha1 expression and function. To our 
knowledge, this is the first demonstration that the increase in 
F508del CFTR maturation by SNOs involves the co-chaperone 
Aha1. SNOs may be noteworthy beyond their role in CFTR 
trafficking Aha1 associates with CFTR co-chaperones, which 
are also S-nitrosylated, and regulates their expression and 
function [19-20]. 

Conclusion

Our study demonstrates that the interaction between 
SNOs and the co-chaperone Aha1 prevents F508del 
CFTR degradation. Our data suggest that S-nitrosothiol 
replacement has the potential to be an effective F508del 
CFTR corrector therapy. The success of ivacaftor (VX-770) in 
treating CF patients containing G551D mutations highlights 
the significance of seeking new approaches aimed at 
targeting other CFTR mutations, particularly F508del CFTR 
in airway epithelial cells. Although new corrector drugs 
developed for F508del CFTR represent major advances, they 
are not completely effective. 
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