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Abstract

Cystic fibrosis is caused by more than 1000 mutations, the most common being the DF508 mutation. These mutations have
been divided into five classes [1], with DF508 CFTR in class II. Here we have studied the class V mutation A455E. We report
that the mature and immature bands of A455E are rapidly degraded primarily by proteasomes; the short protein half-life of
this mutant therefore resembles that of DF508 CFTR. A455E could be rescued by treatment of the cells with proteasome
inhibitors. Furthermore, co-transfection of A455E with the truncation mutant D264 CFTR also rescued the mature C band,
indicating that A455E can be rescued by transcomplementation. We found that D264 CFTR bound to A455E, forming a
bimolecular complex. Treatment with the compound correctors C3 and C4 also rescued A455E. These results are significant
because they show that although DF508 belongs to a different class than A455E, it can be rescued by the same strategies,
offering therapeutic promise to patients with Class V mutations.
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Introduction

Cystic fibrosis (CF) is caused by mutations in the cystic fibrosis

transmembrane conductance regulator (CFTR) [2]. Symptoms of

CF include higher-than-normal sweat chloride, thick airway

mucus, persistent lung infections, pancreatic enzyme insufficiency,

intestinal blockage, and infertility in males [3]. These classic

symptoms of CF can range in severity from mild to severe.

Extensive effort has been made to understand the genotype of CF

patients, with over 1000 gene mutations identified thus far [4].

These mutations in the CF gene have been divided into five

different classes: Class I mutations result in defective protein

production. Class II mutations result in a protein whose processing

is blocked in the ER. The most common CFTR mutation, nF508

CFTR [2], is a class II mutation. Like other class II mutations,

nF508 CFTR is retained in the ER, incompletely glycosylated,

and rapidly degraded in proteasomes [5]. Class III mutations

produce a protein that has defective regulation; the most common

is the G551D mutation, which reaches the cell surface but does not

conduct chloride [6,7]. Class IV mutations cause defects in

channel conductance. Finally, class V mutations affect protein

synthesis or splicing, causing less protein to be made. One of these

class V mutations is A455E.

The A455E mutation is located in NBD1. It was originally

found in French Canadian patients and is associated with a mild

phenotype, with borderline high sweat, moderate lung disease, and

sufficient pancreatic function [8,9]. Unlike other mild missense

mutations such as R117H that have altered channel conductance

[10] and are considered class IV mutations, the single-channel

characteristics of A445E resemble those of wild-type CFTR

[11,12] . Thus, because the mild disease resulting from A455E is

thought to arise from reduced protein expression, it is considered a

class V mutation. Thus, an effective pharmacological approach to

treating this mutation should involve increasing the protein levels

of A455E.

Our group has been interested in transcomplementation [13,14]

using n264 CFTR, which is a truncated version of CFTR missing

the first four transmembrane domains. When monkey lungs are

infected with an adeno-associated viral vector rAAV-n264 CFTR,

the n264 CFTR produced can increase the levels of endogenous

wild-type CFTR protein [15]. We have also shown in cotransfec-

tion studies that n264 CFTR increases wild-type CFTR protein

levels and increases the degree of maturation of the immature

band B to the mature C band of nF508 CFTR. The purpose of

the current study was to determine whether analogous transcom-

plementation can be used to enhance the protein processing of

A455E.

Experimental Procedures

Cell culture
African green monkey kidney cells (Cos7) were maintained in

Dulbecco’s modified Eagle’s medium-high glucose 1x (DMEM),

penicillin (100 U/ml), streptomycin (100 mg/ml), and 10% fetal

bovine serum as described previously [14]).

Plasmids and constructs
The construct pEGFP A455E was a gift from Dr. Gary Cutting

at Johns Hopkins U. The plasmids were transfected into Cos 7
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cells using Lipofectamine 2000 (Invitrogen) as we have previously

described. After 48 h of transfection, the cells were harvested and

used for immunoprecipitation and immunoblotting.

Immunoblotting and immunoprecipitation
Cells were harvested and processed as described previously [16]

using the (C-terminus) antibody (1:1500; R&D Systems, Inc.).

Glyceraldehyde 3-phosphate dehydrogenase (GAPDH), used as a

loading control, was detected with monoclonal anti-GAPDH

antibody (1:10,000; US Biological).

For immunoprecipitation, cells were harvested and processed as

described previously. For pull-down experiments, 10 ml of anti-

GFP antibody (Roche) were added to the lysate and allowed to

incubate for 30 min. with 50 ml of A/G-agarose beads (Santa Cruz

Biotechnology, Inc.). CFTR was detected as described above.

Statistics
Western blots were evaluated by one-way ANOVA followed by

LSD post hoc tests. Statistical significance was set at P,0.05, and

data are presented as mean62SEM. All experiments were

normalized for the control. SPSS (version 17.0 SPSS, Inc,

Chicago, III) was used for data analysis

Figure 1. A455E has reduced expression of mature CFTR. Cos7
cells were transfected with 2 mg of wild-type, A455E, or DF508 CFTR
constructs. After 48 h, the cells were lysed, and the total lysate was
analyzed by western blotting with anti-human CFTR antibodies. Note
that there is much less mature C band in the A455E sample than in the
wild-type sample. In this and subsequent blots, some mature C band
was detected with A455E (n = 8).
doi:10.1371/journal.pone.0085183.g001

Figure 2. Proteasome inhibition. Cells transfected with A455E cDNA were treated either with MG132, a more general inhibitor (n = 6) (A, B), or
the more specific inhibitor of proteasomes, PS341 (n = 2) (C). Note that in both cases, proteasome inhibition caused an increase in both the immature
B and mature C bands of A455E.
doi:10.1371/journal.pone.0085183.g002

A455E CFTR
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Results

Expression of A455E
When we compared the expression of the A455E mutant to that

of both wild-type and nF508 CFTR (Fig. 1) by western blotting,

we found that the amount of CFTR protein was greatly reduced in

the Cos7 cells transfected with the A455E mutant. To evaluate the

degradation of A455E CFTR, we treated the cells with MG132, a

non-specific inhibitor of proteasomal degradation. Fig. 2 shows

that in the presence of MG132, the protein expression of both the

B and C bands of A455E CFTR increased dramatically. A similar

effect was seen when we used the more specific proteasome

inhibitor, PS341. PS341 also caused an increase in both the B and

C bands of A455E. Furthermore, we noted that A455E could be

rescued by growing the cells at a reduced temperature, as had

previously been observed for DF508 [13]. In sharp contrast, there

was no increase in the protein expression of A455E CFTR when

the cells were treated with the aggresome inhibitor tubacin or the

lysosomal inhibitor E64 (Fig. 3). These data suggest that A455E is

degraded primarily in proteasomes.

To evaluate how rapidly the A455E CFTR protein is degraded,

we treated the transfected cells with cycloheximide for between 1

and 7 hours (Fig 4). Surprisingly, both the B and C bands of

A455E CFTR rapidly disappeared in the cells treated with

cycloheximide (Fig. 4), suggesting that it is rapidly degraded, as is

DF508 CFTR (see [13]).

n264 CFTR increases the processing of band B to band C
of A455E CFTR

We then tested whether the truncation mutant, n264 CFTR,

was capable of transcomplementation with A455E (Fig. 5). In

order to determine whether D264 CFTR affects the maturation of

A455E CFTR, we cotransfected D264 CFTR and A455E CFTR

into Cos7 cells and found that the mature C band from A455E

CFTR was increased in cells cotransfected with D264 CFTR, as

compared to cells transfected with A455E cDNA alone (Fig. 5).

Figure 3. Lysosome/aggresome inhibition. Cos7 cells were transfected with A455E CFTR cDNA and treated for 16 h with the lysosome inhibitor
E64 (n = 4) (A) There was very little change in band density in any of the treated groups or in the presence of the inhibitors when compared to the
control or the HDAC6 inhibitor tubacin to inhibit aggresomes (n = 3) (B, C). Note that there is a significant increase with the highest concentration
used.
doi:10.1371/journal.pone.0085183.g003

A455E CFTR
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n264 CFTR binds to A455E CFTR, forming a biomolecular
complex

We and others have shown that transcomplementation can

occur via direct binding of truncated forms of CFTR to DF508-

CFTR and via chaperone displacement [17]. In order to assess

these possibilities in A455E CFTR, we conducted co-immunpre-

cipitation experiments. Fig. 6 shows that D264-CFTR did indeed

bind to A455E, in both the absence and presence of the

proteasome inhibitor MG123.

Correctors 4A (C4) and VX325 (C3) increase the
processing of band B to band C of A455E CFTR

We next asked whether small-molecule correctors might be

effective in rescuing A455E CFTR (Fig. 7). We chose two well-

known correctors, 4A (C4) [18] and VX325 (C3) [19]. We found

that corrector C4 does have a robust effect on A455E CFTR; in

contrast, C3 had only a minimal effect on A455E (Fig. 7).

Discussion

Transcomplementation of nF508-CFTR by fragments of

CFTR has been observed [13,14,17,20,20]. These fragments are

themselves extremely efficiently degraded; they bind to DF508

CFTR and improve the maturation from the immature band B to

mature band C. Although transcomplementation has been

observed by at least three different groups, it has never been

demonstrated with other mutations. Here we show that A455E

can also be rescued by transcomplementation. This finding is

significant because it provides a new way to treat mutations other

than DF508 CFTR and also provides insight into the mechanism

of transcomplementation.

DF508 CFTR is associated with a least two major problems, an

unstable NBD1 and defective interactions with intracellular loops

(ICL), especially ICL4 [21–23]. These two defects disrupt both

trafficking and channel activity. The A455E mutation, on the

other hand, is located within the F1-type ATP-binding core

subdomain near to the ABC protein signature, the Walker A

domain [24]. Given the proximity to the Walker A domain, one

might expect that A455E would have alterations in gating.

However, electrophysiological studies have shown that its single-

channel properties are similar to those of wild-type CFTR [11].

A455E also functions well as a regulator of other channels [25].

Thus, its ability to act as a conductance regulator is intact. What

appears to be causing the disease, then, is a drastic reduction in the

processing of the mature protein. At least two studies have failed to

detect mature band C from A455E [11,26], although the results of

their electrophysiological studies suggested that some mature band

C must have been present at the plasma membrane in order to

generate chloride currents [11]. In our study, we do detect some

mature band C at the plasma membrane, but when the cells are

treated with cycloheximide to evaluate protein degradation, it is

clear that the mature band C of A455E is rapidly degraded along

with the immature B band. This situation is similar to that in

DF508 CFTR, in which both the immature mature bands of

temperature-rescued DF508 CFTR are rapidly degraded. Van

Oene et al. 2000.] have shown that A455E has a pattern of

degradation that is clearly different from that of DF508 CFTR.

A455E appears to be proteolytically cleaved within the NBD1-R

domain to form C-terminal aggregates. This cleavage does not

appear to occur via the 26S proteasome, but perhaps within the

cystosol [26]. Clearly, these results show that the A455E mutant is

distinctly different from DF508 CFTR.

Nevertheless, A455E shows some similarity to DF508 CFTR.

Although A455E is uniquely cleaved in the cytoplasm, our results

show that it is still degraded in the proteasome, because treatment

with two types of proteasome inhibitors led to significant increases

in steady-state protein levels. In fact, we saw a rather large increase

in the mature band of A455E after proteasome inhibition. This

result is in contrast to the response of A455E to lysosomal

inhibitors, which were without effect. Inhibiting the aggresome

Figure 6. A455E binds to n27-264 CFTR. Cos7 cells were
transfected with both D27-264 CFTR and an A455E CFTR construct
bearing a GFP tag. Anti-GFP antibodies were used to pull down A455E,
and the gels were blotted with anti-CFTR antibody. (n = 3).
doi:10.1371/journal.pone.0085183.g006

Figure. 5. Transcomplementation of A455E by D27-264 CFTR.
Both the C and B bands of A455E CFTR were increased when cells were
cotransfected with D27-264 CFTR, showing that A455E could be
rescued by transcomplementation. (n = 11).
doi:10.1371/journal.pone.0085183.g005

Figure 4. Effect of protein synthesis inhibition on the
degradation of A455E. Cos7 cells were transfected with A455E
cDNA and treated with cycloheximide (25 mg/ml) for the indicated
times. Note the rapid decay of both the mature C and immature B
bands of A455E. (n = 4).
doi:10.1371/journal.pone.0085183.g004

A455E CFTR
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was also without effect. Taken together, our data suggest that

A455E, like DF508 CFTR, is processed by proteasomes.

D264 CFTR rescues A455E and forms a molecular complex

between the two molecules. It has been shown that CFTR forms

an intramolecular dimer through an interaction between the

Walker sites in the two NBDs that involves ATP. Indeed, Lewis et

al. [27] have shown that the crystal structure indicates that two

isolated NBD1s of CFTR readily form a head-to-tail dimer when

both the regulatory insert and extension are removed. It is possible

that a similar interaction occurs between D264 and A455E. Two

other groups have shown that small fragments of CFTR can

rescue DF508 CFTR, through either a bimolecular interaction

[20] or chaperone displacement [17]. One group used a

truncation that included TMD1 and NBD1 [20], and the other

NBD1 plus the R domain [17]. What these truncations have in

common with ours is that each contains NBD1. Thus, it is

plausible to suggest that the transcomplementation most likely

occurs by an interaction between the NBD1 moieties of the

truncated and the mutant proteins. The observation that A455E is

readily rescued by D264 CFTR suggests that transcomplementa-

tion may be influencing NBD1 in the region of the Walker sites.

One then may ask why the interaction with the normal NBD2 of

A455E does not rescue its own NBD1. One reason may be that

NBD2 is translated much later than NBD1 [28]. By the time

NBD2 is translated, the mutant NBD1 may already doom the

molecule to be degraded by endoplasmic reticulum-associated

degradation (ERAD). One might envision that the truncated and

mutant CFTRs immediately form a complex during cotranslation

of the NBD1s from the two molecules. Thus, the truncated NBD1

could act as a molecular chaperone to rescue the other molecule.

Figure 7. Correctors can rescue A455E. Cos7 cells were transfected with A455E and treated with the correctors C3 or C4 for 16 h at the specified
concentrations. Note that C4 had a profound effect on the immature B band of A455E as well as causing an increase in the mature C band (A, B). C3
did not have a significant effect (C, D). (n = 3).
doi:10.1371/journal.pone.0085183.g007

A455E CFTR
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Therapeutic transcomplementation to rescue A455E would

require gene transfer via a virus or non-viral particle. Several

gene therapy approaches are currently being developed for both

purposes [29].

Another way to rescue mutant CFTR is with corrector

compounds that either bind to mutant CFTR or alter some

component of the ERAD pathway. Several groups utilizing high-

throughput methods to screen large compound libraries have

identified correctors that rescue DF508 CFTR. For example, the

C4 corrector utilized here was identified in an academic

laboratory [30], whereas C3 was developed commercially [19].

Although many compounds have been identified, only VX 809

has reached clinical trials [31]. Although it has shown promise in

laboratory experiments in clinical trials involving patients bearing

the DF508 mutation, VX-809 [31] had a small effect on sweat

chloride and no effect on pulmonary function or rescue of DF508

CFTR in rectal biopsies. Our demonstration that both C3 and C4

can rescue A455E suggests that A455E CFTR may be a better

candidate for correction with either compound correctors or

transcomplementation than is DF508 CFTR.

Acknowledgments

The authors thank Dr. Deborah McClellan for editorial assistance and

Rahul Grover and Miqueias Lopes-Pacheco for help with experimental

setups.

Author Contributions

Conceived and designed the experiments: LC WBG. Performed the

experiments: VC. Analyzed the data: LC WBG DR. Contributed

reagents/materials/analysis tools: VC. Wrote the paper: WBG.

References

1. Welsh MJ, Smith AE (1993) Molecular mechanisms of CFTR chloride channel

dysfunction in cystic fibrosis. Cell 73: 1251–1254.

2. Rommens JM, Iannuzzi MC, Kerem B-S, Drumm ML, Melmer G, et al. (1989)

Identification of the cystic fibrosis gene: Chromosome walking and jumping.

Science 245: 1059–1065.

3. Rosenstein BJ, Cutting GR (1998) The diagnosis of cystic fibrosis: a consensus

statement. Cystic Fibrosis Foundation Consensus Panel. J Pediatr 132: 589–595.

4. Cutting GR (1993) Spectrum of mutations in cystic fibrosis. J Bioenerg

Biomembr 25: 7–10.

5. Cheng SH, Gregory RJ, Marshall J, Paul S, Souza DW, et al. (1990) Defective

intracellular transport and processing of CFTR is the molecular basis of most of

cystic fibrosis. Cell 63: 827–834.

6. Mickle JE, Cutting GR (2000) Genotype-phenotype relationships in cystic

fibrosis. Med Clin North Am 84: 597–607.

7. Van GF, Hadida S, Grootenhuis PD, Burton B, Cao D, et al. (2009) Rescue of

CF airway epithelial cell function in vitro by a CFTR potentiator, VX-770. Proc

Natl Acad Sci U S A 106: 18825–18830. 0904709106 [pii];10.1073/

pnas.0904709106 [doi].

8. Stansberg PM, Noreau D, McGlynn-Steele L, Koultchitski G, Ray PN (1997)

PCR-based test for two cystic fibrosis mutations (A455E, 711+1G--.T) common

among French Canadians. Clin Chem 43: 1083–1084.

9. De BM, Allard C, Leblanc JP, Simard F, Aubin G (1997) Genotype-phenotype

correlation in cystic fibrosis patients compound heterozygous for the A455E

mutation. Hum Genet 101: 208–211.

10. Sheppard DN, Rich DP, Ostedgaard LS, Gregory RJ, Smith AE, et al. (1993)

Mutations in CFTR associated with mild-disease-form Cl- channels with altered

pore properties. Nature 362: 160–164. 10.1038/362160a0 [doi].

11. Sheppard DN, Ostedgaard LS, Winter MC, Welsh MJ (1995) Mechanism of

dysfunction of two nucleotide binding domain mutations in cystic fibrosis

transmembrane conductance regulator that are associated with pancreatic

sufficiency. EMBO J 14: 876–883.

12. Fulmer SB, Schwiebert EM, Morales MM, Guggino WB, Cutting GR (1995)

Two cystic fibrosis transmembrane conductance regulator mutations have

different effects on both pulmonary phenotype and regulation of outwardly

rectified chloride currents. Proc Natl Acad Sci U S A 92: 6832–6836.

13. Cebotaru L, Woodward O, Cebotaru V, Guggino WB (2013) Transcomple-

mentation by a truncation mutant of CFTR enhances {triangleup}F508

processing through a biomolecualr interaction. J Biol Chem . M112.420489

[pii];10.1074/jbc.M112.420489 [doi].

14. Cebotaru L, Vij N, Ciobanu I, Wright J, Flotte T, Guggino WB (2008) Cystic

fibrosis transmembrane regulator missing the first four transmembrane segments

increases wild type and DeltaF508 processing. J Biol Chem 283: 21926–21933.

15. Fischer AC, Smith CI, Cebotaru L, Zhang X, Askin FB, et al. (2007) Expression

of a truncated cystic fibrosis transmembrane conductance regulator with an

AAV5-pseudotyped vector in primates. Mol Ther 15: 756–763.

16. Cheng J, Moyer BD, Milewski M, Loffing J, Ikeda M, et al. (2002) A Golgi-

associated PDZ domain protein modulates cystic fibrosis transmembrane

regulator plasma membrane expression. J Biol Chem 277: 3520–3529.

17. Sun F, Mi Z, Condliffe SB, Bertrand CA, Gong X, Lu X, et al. (2008)

Chaperone displacement from mutant cystic fibrosis transmembrane conduc-
tance regulator restores its function in human airway epithelia. FASEB J .

18. Pedemonte N, Lukacs GL, Du K, Caci E, Zegarra-Moran O, et al. (2005) Small-

molecule correctors of defective DeltaF508-CFTR cellular processing identified
by high-throughput screening. J Clin Invest 115: 2564–2571.

19. Van GF, Straley KS, Cao D, Gonzalez J, Hadida S, et al. (2006) Rescue of
DeltaF508-CFTR trafficking and gating in human cystic fibrosis airway primary

cultures by small molecules. Am J Physiol Lung Cell Mol Physiol 290: L1117–

L1130. 00169.2005 [pii];10.1152/ajplung.00169.2005 [doi].
20. Cormet-Boyaka E, Jablonsky M, Naren AP, Jackson PL, Muccio DD, et al.

(2004) Rescuing cystic fibrosis transmembrane conductance regulator (CFTR)-
processing mutants by transcomplementation. Proc Natl Acad Sci U S A 101:

8221–8226.

21. Mendoza JL, Schmidt A, Li Q, Nuvaga E, Barrett T, et al. (2012) Requirements
for efficient correction of DeltaF508 CFTR revealed by analyses of evolved

sequences. Cell 148: 164–174. S0092-8674(11)01367-5 [pii];10.1016/
j.cell.2011.11.023 [doi].

22. Du K, Sharma M, Lukacs GL (2005) The DeltaF508 cystic fibrosis mutation
impairs domain-domain interactions and arrests post-translational folding of

CFTR. Nat Struct Mol Biol 12: 17–25.

23. He L, Aleksandrov LA, Cui L, Jensen TJ, Nesbitt KL, et al. (2010) Restoration
of domain folding and interdomain assembly by second-site suppressors of the

DeltaF508 mutation in CFTR. FASEB J 24: 3103–3112. fj.09-141788
[pii];10.1096/fj.09-141788 [doi].

24. Lewis HA, Buchanan SG, Burley SK, Conners K, Dickey et al. (2004) Structure

of nucleotide-binding domain 1 of the cystic fibrosis transmembrane conduc-
tance regulator. EMBO J 23: 282–293.

25. Schwiebert EM, Benos DJ, Egan ME, Stutts MJ, Guggino WB (1999) CFTR is a
conductance regulator as well as a chloride channel. Physiol Rev 79: S145–S166.

26. Van Oene M, Lukacs GL, Rommens JM (2000) Cystic fibrosis mutations lead to
carboxyl-terminal fragments that highlight an early biogenesis step of the cystic

fibrosis transmembrane conductance regulator. Journal of Biological Chemistry

275: 19577–19584.
27. Atwell S, Brouillette CG, Conners K, Emtage S, Gheyi T, et al. (2010)

Structures of a minimal human CFTR first nucleotide-binding domain as a
monomer, head-to-tail homodimer, and pathogenic mutant. Protein Eng Des

Sel 23: 375–384. gzq004 [pii];10.1093/protein/gzq004 [doi].

28. Kim SJ, Skach WR (2012) Mechanisms of CFTR Folding at the Endoplasmic
Reticulum. Front Pharmacol 3: 201. 10.3389/fphar.2012.00201 [doi].

29. Boucher RC (1996) Current status of CF gene therapy. Trends Genet 12: 81–84.
30. Pedemonte N, Sonawane ND, Taddei A, Hu J, Zegarra-Moran O, et al. (2005)

Phenylglycine and sulfonamide correctors of defective delta F508 and G551D
cystic fibrosis transmembrane conductance regulator chloride-channel gating.

Mol Pharmacol 67: 1797–1807.

31. Clancy JP, Rowe SM, Accurso FJ, Aitken ML, Amin RS, et al. (2012) Results of
a phase IIa study of VX-809, an investigational CFTR corrector compound, in

subjects with cystic fibrosis homozygous for the F508del-CFTR mutation.
Thorax 67: 12–18. thoraxjnl-2011-200393 [pii];10.1136/thoraxjnl-2011-200393

[doi].

A455E CFTR

PLOS ONE | www.plosone.org 6 January 2014 | Volume 9 | Issue 1 | e85183


