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The revertant mutations G550E and 4RK [the simultaneous mutation
of four arginine-framed tripeptides (AFTs): R29K, R516K, R555K, and
R766K] rescue the cell surface expression and function of F508del-
cystic fibrosis (CF) transmembrane conductance regulator (-CFTR), the
most common CF mutation. Here, we investigate their mechanism of
action by using biochemical and functional assays to examine their
effects on F508del and three CF mutations (R560T, A561E, and V5621I)
located within a conserved region of the first nucleotide-binding
domain (NBD1) of CFTR. Like F508del, R560T and A561E disrupt CFTR
trafficking. G550E rescued the trafficking defect of A561E but not that
of R560T. Of note, the processing and function of V5621 were equiv-
alent to that of wild-type (wt)-CFTR, suggesting that V562l is not a
disease-causing mutation. Biochemical studies revealed that 4RK
generates higher steady-state levels of mature CFTR (band C) for wt-
and V562I-CFTR than does G550E. Moreover, functional studies
showed that the revertants rescue the gating defect of F508del-CFTR
with different efficacies. 4RK modestly increased F508del-CFTR activ-
ity by prolonging channel openings, whereas G550E restored F508del-
CFTR activity to wt levels by altering the duration of channel openings
and closings. Thus, our data suggest that the revertants G550E and
4RK might rescue F508del-CFTR by distinct mechanisms. G550E likely
alters the conformation of NBD1, whereas 4RK allows F508del-CFTR
to escape endoplasmic reticulum retention/retrieval mediated by
AFTs. We propose that AFTs might constitute a checkpoint for endo-
plasmic reticulum quality control.

endoplasmic reticulum quality control | folding | membrane traffic |
arginine-framed motifs | trafficking signals

he common genetic disease cystic fibrosis (CF) is caused by

mutations in the CF transmembrane conductance regulator
(CFTR) (1). CFTR is a unique member of the ATP-binding
cassette transporter superfamily that forms an epithelial anion
channel with complex regulation (2, 3). It is composed of 1,480
amino acid residues organized into five domains: two membrane-
spanning domains that form an anion-selective pore, two nucle-
otide-binding domains (NBDs) that likely form a head-to-tail
dimer with two ATP-binding sites located at the dimer interface
(4, 5), and a regulatory domain with multiple consensus phos-
phorylation sites (2).

CFTR biogenesis involves several steps that initiate with CFTR’s
synthesis in the endoplasmic reticulum (ER), where it is cotrans-
lationally folded and core-glycosylated (6, 7). To undergo matura-
tion through the Golgi apparatus, CFTR has to pass the ER quality
control, which involves a number of chaperones and cochaperones
(8-12), and targets misfolded proteins for ER-associated degrada-
tion by the ubiquitin proteasome pathway (13, 14). When correctly
folded, CFTR is exported to the Golgi apparatus, where its N-linked
glycan moiety undergoes further glycosylation to generate the
mature fully glycosylated (processed) form of CFTR (15).

www.pnas.org/cgi/doi/10.1073/pnas.0608312103

The most common CF mutation, occurring in at least one allele
in 90% of patients, is the deletion of Phe-508 (F508del) of CFTR
(1). The major impact of F508del is protein misfolding being the
mutant recognized by the ER quality control, retained in the ER,
and targeted for degradation by the proteasome (13, 16, 17). It is
important to note that F508del-CFTR is a temperature-sensitive
mutant that can be rescued by incubating cells that express it at
reduced temperatures (18). However, when F508del-CFTR reaches
the cell surface, its function is also found to be defective, e.g.,
channel gating (19) and regulation of other epithelial ion channels
(20). Like low temperature, small molecules termed CFTR correc-
tors (e.g., glycerol and bisaminomethylbithiazoles) rescue the traf-
ficking of F508del-CFTR to the cell surface (21, 22). Similarly,
genetic factors (second-site mutations in cis with F508del) restore
the cell surface localization of the mutant protein (23-26). DeCar-
valho et al. (26) demonstrated that substitution of G550 by a
negatively charged amino acid (G550E) promoted the maturation
of F508del-CFTR and enhanced CFTR-mediated Cl~ permeability
(26). Moreover, Chang et al. (25) rescued the trafficking and
function of F508del-CFTR with the simultaneous mutation of the
four arginine-framed tripeptides (AFTs) (R20QR31, Rsi6YRss,
R553ARsss, and R76aRR766) present in CFTR termed 4RK (R29K,
R516K, R555K, and R766K). AFTs are transient retention/
retrieval motifs coupling the ER export of multimeric membrane
proteins to their folding/assembly (27).

Mechanistic insight into the different strategies that suppress the
trafficking defect of F508del-CFTR is required for the development
of effective therapies to correct the basic defect(s) in CF. To better
understand how revertant mutants rescue F508del-CFTR, we se-
lected for study the revertants G550E and 4RK for several reasons.
First, they represent two very distinct types of amino acid residues
(GS550E, acidic; 4RK, basic). Second, they reside in distinct func-
tional motifs (G550E, the LSGGQ motif of NBDI1; 4RK, the
AFTs). Third, they are likely to have different effects on the
structure of CFTR because only two AFTs lie in NBD1 (like
GS50E), whereas the other two are on the N terminus and
regulatory domain, respectively. Fourth, they have never before
been expressed in the same cellular system and compared in
parallel. Together, these reasons led us to hypothesize that G550E
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and 4RK act by different mechanisms. To explore this possibility,
we tested the effects of G550E and 4RK on three additional CF
mutations within NBD1: R560T, A561E, and V35621 We selected
for study these CF mutants because (i) these residues constitute a
hot spot for disease-causing mutations (seven mutations are asso-
ciated with these three residuesl); (i) AS61E and R560T are the
second and fourth most frequent mutations among Portuguese and
Irish CF patients, respectively (28); (iii) like G550E and R555K (one
of the 4RK mutants), these mutations affect residues located
between the LSGGQ and Walker B motifs of NBD1, which are
highly conserved across species; and (iv) they all lie within the same
a-helix (HS; G550-Y563) within the ATP-binding cassette a-sub-
domain of NBD1 (29, 30). To test the hypothesis that G550E and
4RK act by different mechanisms, we used biochemical and func-
tional assays to investigate how these revertants rescue F508del-,
R560T-, A561E-, and V562I-CFTR.

Results

R560T, but Not V562I, Disrupts the Processing of CFTR. Like F508del-
CFTR, many CF mutations disrupt the processing of CFTR and its
delivery to the cell surface. Although revertants are known to
rescue the cell surface expression of F508del-CFTR, their effects on
other CF mutations in NBD1 is unknown. For the reasons outlined
in the Introduction, we chose to analyze the CF mutations R560T,
AS561E, and V562I. Although we previously demonstrated that
AS561E is processed defectively (31), no trafficking data are avail-
able for mutations at R560 and V562. Therefore, we first investi-
gated the processing of R560T and V5621 by using Western blot
(WB). Fig. 14 demonstrates that like F508del- and A561E-CFTR,
R560T-CFTR generated only a discrete ~145 kDa band (band B).
In contrast, band B and a diffuse ~180 kDa band (band C) were
observed for both V562I-CFTR and wt-CFTR (Fig. 1A4). These
data suggest that R560T, disrupts the trafficking of CFTR, whereas
V562I-CFTR is delivered to the cell surface.

Next, we investigated whether the revertants G550E and 4RK
rescue the defective biosynthesis of RS60T- and AS61E-CFTR. As
controls, the effects of the revertants on wt- and F508del-CFTR
were tested. Fig. 14 shows that G550E and 4RK were much less
effective at rescuing AS61E-CFTR compared with their effects on
F508del-CFTR. In fact, band C of both A561E-4RK- and A561E-
GS550E-CFTR was detected only after a 24 h incubation with 2 mM
4-phenylbutyrate (4-PB), an enhancer of CFTR expression through
transcriptional activation (Fig. 1B) (32). Quantification of the data
reveals that, after this treatment with 4-PB, ~30% of A5S61E-CFTR
was rescued by either revertant, whereas for F508del-CFTR the
value was ~65%. We confirmed the identity of these two bands as
the core-glycosylated (immature) and fully glycosylated (mature)
forms of CFTR by treating protein extracts with the glycosidases
endoglycosidase H and N-glycanase F (Fig. 1C). These data indicate
that the putative band B is the core-glycosylated form of CFTR
present in the ER, whereas putative band C is the fully glycosylated
form that has been processed through the Golgi apparatus.

We used CFTR immunoprecipitation (IP) after protein radio-
labeling as a more sensitive approach to confirm our WB data in the
absence of protein overexpression using 4-PB. The mature form of
CFTR (band C) was clearly observed for F508del- and AS61E-
CFTR (Fig. 1D) in the presence of G550E and 4RK, but G550E
failed to correct the defective biosynthesis of R5S60T-CFTR (Fig. 1
A and D). Thus, the revertants G550E and 4RK rescue some, but
not all, CF mutations in NBD1.

Effect of the G550E and 4RK Revertants on the Turnover and Process-
ing of CFTR Variants. Fig. 14 demonstrates that steady-state levels
of band C for both wt- and V562I-CFTR were increased by 4RK but
not by G550E, most strikingly for V562I-CFTR. In contrast, the

IThe CFTR Mutation Database: http:/www.sickkids.on.ca/cftr.
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Fig. 1. Biochemical analysis of CFTR variants. (A) WB of total protein (30 ng)
from BHK cells stably expressing wt-, F508del-, R560T-, A561E-, or V562I-CFTR,
alone or in cis with 4RK and G550E. (B) WB of samples as in A but after 24 h of
incubation with 2 mM 4-PB to enhance protein expression. (C) Glycosidase
analysis of total protein (250 ng) extracts from BHK cells treated with 4-PB for
24 h. Protein extracts were treated with either 50 milliunits of endoglycosidase
H (endo H) or 2 units of N-glycanase F (N-glyc F) before WB analysis. Minus and
plus symbols denote the absence and presence of glycosidases, respectively.
(D) BHK cells expressing F508del-, R560T-, or A561E-CFTR alone or in cis with
the revertants 4RK and G550E were analyzed by CFTR IP after pulse-labeling
for 3 h. Labeled arrows indicate the positions of bands A, B, and C.

revertants had the opposite effect on F508del-CFTR, with G550E
generating higher steady-state levels of band C than 4RK (Fig. 14).
These data suggest that G550E and 4RK might alter the processing
of CFTR in different ways. To investigate this, we examined the
turnover rate of band B and the efficiency of its processing into band
C for wt-, F508del- and V562I-CFTR alone or in cis with the
revertants by pulse—chase analysis, followed by IP (Fig. 2 A-C).
For wt-CFTR, the presence of the revertants, 4RK or G550E
(dotted and dashed lines in Fig. 2 D and G, respectively), did not
alter either the turnover rate of band B (solid line in Fig. 2D) or the
efficiency of its conversion into band C (compare dotted and
dashed lines with solid line in Fig. 2G). Similarly, the turnover rate
of band B of either F508del-4RK- or F508del-G550E-CFTR (dot-
ted and dashed lines in Fig. 2E) was the same as that of F508del-
CFTR (solid line, Fig. 2E). Moreover, Fig. 2H demonstrates
identical processing efficiencies for F508del-4RK- and F508del-
G550E-CFTR (compare the dotted and dashed lines). For V5621-
CFTR, the turnover rate of V562I-G550E was slightly, but not
significantly (P > 0.05), reduced compared with those of V562I-
and V562I-4RK-CFTR (Fig. 2F). Furthermore, the efficiency of
processing of V562I-4RK (dotted line, Fig. 2I) was slightly in-
creased relative to those of V5621 and V562I-G550E (solid and
dashed lines, Fig. 21, respectively). Finally, Fig. 2 shows that the
turnover rates of V562I- and wt-CFTR were equivalent (slope of
solid lines in D and F; P > 0.05), whereas the processing of V562I-
was slightly faster than that of wt-CFTR (solid lines in G and ).

Roxo-Rosa et al.
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Fig.2. Turnover and processing of wt-, F508del-, and V562I-CFTR alone or in
cis with 4RK and G550E. (A-C) BHK cells expressing wt-, G550E- and 4RK-CFTR
(A); F508del-, F508del-4RK-, and F508del-G550E-CFTR (B); and V562I-, V562I-
4RK-, and V562I-G550E-CFTR (C) were pulse-labeled for 20 min with 100
wCi/ml[33S]methionine and then chased for 0, 0.5, 1, 3, and 5 h. (D-F) Turnover
of band B for wt- (D), F508del- (E), and V562I-CFTR (F) in the absence and
presence of revertant mutations. Lines are the fit of first-order regressions to
the data. Data are the natural logarithm of the amount of band B at a given
time of chase (A) relative to its amount at the beginning of the experiment
(Ag). (G and /) Efficiency of processing into band C for wt-CFTR (G) and
V562I-CFTR (/) in the absence and presence of revertant mutations and for
revertants of F508del-CFTR (H). Data are represented as the percentage of
band C detected at a given time point during the experimental chase relative
to Ag. Symbols and error bars are means = SD of the values at each point.

Thus, the higher steady-state levels of band C for 4RK variants
of both wt- and V562I-CFTR (Fig. 14) are explained only in part
by a slight (but not significant) increase in the efficiency of
processing band B to band C. Surprised that the revertants did not
exert stronger effects on the processing of CFTR, we wondered how
they might influence CFTR Cl~ channel function.

WT- and V562I-CFTR Have Equivalent Functions. To begin to investi-
gate the function of the CF mutants and revertants, we used the
iodide (I7) efflux technique, which assesses the function of a large
population of CFTR Cl~ channels in intact cells. When cells
expressing wt-CFTR were treated with the cAMP agonist forskolin
(10 uM) and the CFTR potentiator genistein (50 uM), a robust
efflux of I~ was elicited (Fig. 34). Consistent with the biochemical
data (Fig. 1), these agonists had no effect on F508del-, R560T-, or
A561E-CFTR (Fig. 3 B-D) but evoked a striking efflux of I~ from
V562I-CFTR (Fig. 3E), which has a time course equivalent to that
of wt-CFTR and 1.3-fold greater (Fig. 3F). A likely explanation for
this enhanced efflux of I~ from V562I-CFTR-expressing cells is
their greater membrane abundance of CFTR (Fig. 1A4).
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Fig. 3. lodide efflux from cells expressing CFTR variants. (A-E) Time courses
of I~ efflux from BHK cells stably expressing wt- (A), F508del- (B), R560T- (C),
A561E- (D), and V562I- (E) CFTR in the absence and presence of the 4RK and
G550E mutations. During the period indicated by the bars, 10 uM forskolin
and 50 uM genistein were present in the efflux buffer. Data are means = SEM
(n = 4) ateach point. Where error bars are not shown, the symbol has obscured
them. (F) Magnitude of peak |~ efflux generated by different CFTR constructs
expressed as a percentage of that of wt-CFTR. Asterisks indicate values thatare
significantly different from wt-CFTR, and double asterisks refer to compari-
sons between the indicated pairs of data (P < 0.05).

Interestingly, the revertant 4RK, which generated higher steady-
state levels of band C than wt-CFTR (Fig. 14), produced an
equivalent efflux of I" to that of wt-CFTR (Fig. 3 4 and F). In
contrast, G550E, which produced lower steady-state levels of band
C than wt-CFTR (Fig. 14), generated ~1.5-fold higher efflux of I~
(Fig. 3 A and F). Consistent with previous work (24) and our
biochemical data (Figs. 1 and 2), both 4RK and G550E restored
CFTR function to F508del, although the time course of the
F508del-4RK response was delayed by 1 min compared with that of
wt-CFTR (Fig. 3 B and F). In contrast to F508del-CFTR, G550E
did not restore CFTR function to R560T and both revertants
rescued only modestly the CFTR function of A561E (Fig. 3 C, D,
and F). Interestingly, V562I-G550E generated an efflux of I~
equivalent in magnitude and time-course to that of V562I-CFTR
(Fig. 3 E and F) despite its lower steady-state levels of band C.
However, 4RK, which generated higher steady-state levels of band
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C (Fig. 14), decreased the magnitude of the V562I-evoked I~
efflux to a level equivalent to that of wt-CFTR (Fig. 3 E and F).
Taken together, our iodide efflux data strongly suggest that the
increased steady-state levels of band C (and the slight increase in
CFTR processing efficiency) observed for the 4RK variants of wt-
and V562I-CFTR (Figs. 1 and 2) do not result in increased CFTR
channel activity. In contrast, the data suggest that G550E compen-
sates for a decreased steady-state level of band C by enhancing the
channel activity of wt- and V562I-CFTR. A similar mechanism
might explain how G550E rescues the activity of CF mutants.

4RK and G550E Rescue F508del-CFTR Channel Gating with Different
Efficacy. To test the idea that the revertant G550E enhances the C1~
channel function of wt and CF mutants, we used the patch-clamp
technique to study the single-channel behavior of wt-, V562I-, and
F508del-CFTR in the absence and presence of the revertants. Fig.
4 demonstrates that the single-channel properties of V562I-CFTR
were identical to those of wt-CFTR. Like wt-CFTR (2), the gating
behavior of V562I-CFTR was characterized by bursts of channel
openings interrupted by brief flickery closures and separated by
longer closures between bursts (Fig. 44). Strikingly, V562I-CFTR
had the same open probability (P,), mean burst duration (MBD),
interburst interval (IBI), and ATP-dependence [V562I, ATP con-
centration for half maximal activation (Ky) = 252 uM; wt, K, =
210 uM] as wt-CFTR (Fig. 4 B-D and data not shown). Together
with our observation that V562I-CFTR does not affect the effi-
ciency of CFTR processing (Figs. 1 and 2), these data raise the
possibility that V5621 is not a disease-causing mutation.

Before examining the rescue of F508del-CFTR channel function
by the revertants, we quantified the deficit in CFTR function caused
by F508del and the effects of 4RK and GS550E on wt-CFTR.
Consistent with previous work (e.g., ref. 33), F508del severely
perturbed CFTR channel gating, principally by diminishing the
frequency of channel openings. F508del-CFTR attenuated MBD
and dramatically prolonged IBI, with the result that its P, was
reduced markedly compared with that of wt-CFTR (Fig. 4 B-D).
The revertants 4RK and G550E enhanced wt-CFTR channel gating
but with strikingly different efficacies. 4RK caused a small but not
significant increase in P, by lengthening MBD 2-fold, whereas
GS550E increased the P, of wt-CFTR 1.5-fold by prolonging MBD
4.5-fold without altering IBI (Fig. 4 B-D). Moreover, G550E
dramatically enhanced the ATP-sensitivity of wt-CFTR (wt-CFTR,
K = 210 uM; G550E, K, = 19 uM; data not shown).

Like their effects on wt-CFTR, 4RK and GS550E enhanced
V562I-CFTR channel gating and rescued that of F508del-CFTR
with different efficacies (Fig. 4). For example, Fig. 44 demonstrates
that F508del-4RK- and F508del-G550E-CFTR both have pro-
longed channel openings compared with those of wt- and F508del-
CFTR. But more strikingly, the IBI for F508del-G550E-CFTR is
dramatically shorter than that of F508del-CFTR and approaches
that of wt-CFTR (Fig. 44). Fig. 4C demonstrates that both rever-
tants prolonged strikingly the MBD of F508del-CFTR compared
with that of either wt- or F508del-CFTR (4RK, 2.5-fold; G550E,
4-fold; both vs. F508del-CFTR). However, only G550E rescued the
IBI defect of F508del-CFTR, reducing its IBI from 8-fold longer
than wt-CFTR to only 2-fold longer (Fig. 4D). As a result, the P,
of F508del-G550E-CFTR exceeded that of wt-CFTR, whereas that
of F508del-4RK is only half that of wt-CFTR (Fig. 4B). To
summarize, our data demonstrate that the revertant G550E effi-
caciously rescues the gating defect of F508del-CFTR, whereas
rescue by 4RK is modest. We interpret these data to suggest that
4RK and G550E exert their effects on F508del by different mech-
anisms.

Discussion

R560, AS561, and V562 constitute a hot spot for mutations within a
conserved region of NBD1 located between the LSGGQ and
Walker B motifs. Like F508del, RS60T and A561E disrupt CFTR

17894 | www.pnas.org/cgi/doi/10.1073/pnas.0608312103
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Fig.4. Single-channel activity of wt-, V562I-, and F508del-CFTR alone and in
cis with 4RK and G550E. (A) Representative single-channel recordings of the
indicated mutants in excised inside-out membrane patches (see Methods).
Dotted lines indicate the closed channel state, and downward deflections
correspond to channel openings. (B-D) P, (B), MBD (C), and IBI (D) of the
indicated CFTR variants. Columns and error bars are means = SEM (wt: n = 6
for all data; 4RK: P,, n = 2; MBD and IBI, n = 1; G550E: P,, n = 3; MBD and IBl,
n = 1;V562l: P,, n = 5; MBD and IBI, n = 2; V562I-4RK: P,, n = 4; MBD and IBI,
n = 3; V562I-G550E: P,, n = 8, MBD and IBI, n = 3; F508del: n = 10 for all data;
F508del-4RK: Po, n = 13; MBD and IBI, n = 10; F508del-G550E: P,, n = 5; MBD
and IBl, n = 4). Asterisks indicate values that are significantly different from
that of wt-CFTR (P < 0.001); daggers indicate values significantly different
from F508del-CFTR (P < 0.001). For wt- and F508del-CFTR, C127 cells express-
ing these variants were used to determine values of P,, MBD, and IBI, but the
single-channel traces shown in A are all from BHK cells expressing the indi-
cated variants. In two single-channel patches from BHK cells expressing wt-
and F508del-CFTR values of i and P, did not differ from those of C127 cells
expressing these variants (data not shown).

processing, whereas V562I traffics normally to the cell surface,
forming a CI~ channel with properties indistinguishable from those
of wt-CFTR. The revertants 4RK and G550E rescue the cell surface
expression of A561E, albeit not as effectively as F508del, whereas
G550E is without effect on R560T. Of note, G550E, but not 4RK,
rescues the defective channel gating of F508del, suggesting that
G550E and 4RK rescue the expression and function of F508del by
distinct mechanisms.

To understand the structural basis by which R560T and AS61E
disrupt the processing of CFTR (refs. 31 and 34 and present results),
we generated a comparative model of the human NBD1-NBD2
dimer (data not shown). In our model and the crystal structure of
human NBD1 (30), the side chain of R560 is partially buried in the
tertiary structure of NBD1. R560T likely disrupts the interactions
of R560 with neighboring residues and, hence, the folding of NBD1.
The fact that other CF-causing mutations at R560 (e.g., R560G)
also cause severe disease highlights the importance of this residue
for the global structure of CFTR. Similarly, A561 is partially buried
in the tertiary structure of NBDI1, suggesting that changing this
residue also causes NBD1 misfolding.
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Surprisingly, our data demonstrate that V562I-CFTR is pro-
cessed as efficiently as wt-CFTR (Fig. 2) and forms a CI~ channel
functionally equivalent to wt-CFTR (Fig. 4). Indeed, our structural
model predicts that V5621 is without effect on the tertiary structure
of NBD1. Based on these data, we do not consider V562I-CFTR to
be a CF-causing variant. Consistent with this idea, this mutation was
originally reported to be a sequence polymorphism. Moreover, two
individuals with the F508del/ V5621 genotype have no clinical signs
of CF (C. Barreto, personal communication).

Structural studies of human NBD1 suggest that the deletion of
F508 per se does not have a major impact on the stability or folding
of NBD1, given its local surface topography (29, 30). Moreover,
F508del is predicted to be without major effect on the structure of
the NBD1-NBD2 dimer because it lies far from its interface. Thus,
it was suggested that the absence of F508 should impair the kinetics
of either cotranslational folding or interdomain folding (9, 35-38).

However, it remains possible that deletion of F508 causes
intrinsic misfolding and/or structural instability of NBD1 at
steady state (39, 40). Supporting this idea, the F508del-CFTR
Cl~ channel has a gating defect characterized by a reduction in
the duration of channel openings and a dramatic prolongation of
periods when the channel is closed. By using the ATP-dependent
dimerization model of CFTR channel gating (4), the exception-
ally slow rate of channel opening might be explained by F508del
inducing misfolding and/or structural instability of NBD1, which
would hamper ATP binding. Similarly, the reduced open time of
F508del might result from the mutation weakening the binding
energy for stable NBD1-NBD2 dimer formation. However,
because NBD1 «a-helices involved in the dimer interface lie
opposite the F508 residue (29, 30), this explanation is hard to
accept unless some distortion of NBD1 occurs. Alternatively,
F508del might alter the packing of NBD1 with the membrane-
spanning domains (30) without causing major NBD1 misfolding.

If functional data suggest that F508del perturbs the structure of
NBD1, why, then, were only minimal changes observed in the
crystal structure of F508del-NBD1 (30)? Significantly, the crystal
structure of F508del-NBD1 contains a number of solubilizing
mutations. Perhaps the presence of these mutations abrogates the
impact of F508del on the structure of NBD1. Consistent with this
idea, Hegedus et al. (40) recently suggested that F508del causes
steady-state structural instability. Alternatively, or in addition,
F508del might alter the dynamic properties of CFTR, a possibility
that would remain imperceptible in the crystal structure of NBD1.

DeCarvalho et al. (26) identified the revertant GS50E by using
STE6/CFTR chimeras to search for F508del suppressor mutations.
The authors demonstrated that G550E (i) partially rescues the
processing defect of F508del-CFTR, (i) enhances F508del-CFTR
Cl™ currents in Fischer rat thyroid (FRT) epithelia, and (iii)
increases the sensitivity of F508del-CFTR to stimulation by cAMP
agonists (26). Our own biochemical and functional data concur with
these data. Any difference in the level of F508del rescue between
previous studies of 4RK (25) and G550E (26) and our own are most
likely due to the use of different cell lines. Of note, our single-
channel data provide an explanation for the effects of G550E on
F508del-CFTR activity. The revertant accelerated dramatically the
rate of channel openings and slowed markedly the rate of channel
closing. This suggests that GS50E might promote the binding of
ATP tosite 1 of the NBD dimer while slowing the hydrolysis of ATP
at site 2, plausibly by stabilizing the NBD dimer (4). Thus, we
speculate that the gating behavior of F508del-G550E-CFTR might
be a consequence of a (partial) correction the F508del-induced
folding defect of NBD1.

The cellular machinery responsible for recognition of AFT
signals remains poorly characterized. AFTs were demonstrated to
behave as protein ER-retention signals with no requirements other
than sufficient exposure (27). Interestingly, some membrane pro-
teins with exposed AFTs exit the ER to pre-Golgi compartments
but then are retrieved to the ER by a COPI (coat protein complex

Roxo-Rosa et al.

I)-mediated process (27, 41). This finding suggests that the four
AFTs in CFTR are buried within the protein when CFTR is in its
native conformation. When CFTR becomes misfolded, these AFTs
are exposed, becoming targets for ER retention/retrieval (25).
Removal of AFTs likely uncouples ER export from protein folding
by making proteins invisible to the retention/retrieval machinery
(27). This explains the observed rescue of the cell surface expres-
sion of F508del- and AS61E-CFTR by the 4RK revertant. However,
such an explanation does not imply correction of the folding defects
of F508del- and A561E-CFTR. Consistent with this idea, our
single-channel data demonstrate that 4RK incompletely rescues the
gating defect of F508del-CFTR, unlike the G550E revertant.

Jurkuvenaite et al. (42) recently studied R31C and R31L, two CF
mutations in the N terminus of CFTR that affect the first AFT
(R29QR3,). Their data demonstrate enhanced internalization from
the cell surface, which suggests that some of the reduction in the
steady-state levels of band C that we observed with F508del-4RK-
CFTR might be explained by enhanced internalization. However,
the opposite effect was observed for both wt- and V562I-CFTR
when in cis with 4RK; therefore, the effects observed with the R31
mutants must result from the loss of a stabilizing role played by the
N terminus rather than from interference with an AFT.

Recent work (4) suggests that R555, one of the four AFT in
CFTR, plays a critical role in the formation of the NBD1-NBD2
dimer. However, earlier work by Teem et al. (24) demonstrated
that mutation of R555 by itself acts as a F508del-CFTR rever-
tant, not just by rescuing its cell surface expression, but also by
enhancing channel gating. Interestingly, different patterns of
channel gating have been reported for RS55K-CFTR. Teem et al.
(24) demonstrated that R555K increases the activity of wt-CFTR
by extending the duration of bursts without altering the closed
time interval between bursts. In contrast, Vergani et al. (4)
showed that R555K slows the rate of channel opening by
markedly prolonging the closed time interval between bursts. A
likely explanation for these differences in channel gating is the
experimental conditions used. Teem et al. (24) studied CFTR
channel gating at 37°C, whereas Vergani et al. (4) used room
temperature. Of note, the work of Hegedus et al. (40), who
studied F508del-CFTR in cis with R29K and R555K (called
2RK), suggests that the stability of F508del-2RK-CFTR is
temperature-dependent. They demonstrated that 2RK restored
F508del-CFTR activity to values similar to those of wt-CFTR at
30°C but not at higher temperatures (40). Hegedus er al. (40)
observed that 2RK has reduced resistance to proteolysis com-
pared with that of wt-CFTR and speculated that this occurs
because F508del-2RK-CFTR adopts a less compact conforma-
tion. Thus, it appears that the partially misfolded form of
F508del-4RK-CFTR [or F508del-2RK-CFTR (40)] is able to
escape rapid ER-associated degradation and the ER quality
control checkpoints of the Hsp70 machinery and calnexin (12)
and traffic out of the ER. Then, because of the absence of AFTs,
this ER-exported but still partially misfolded CFTR is processed
through the Golgi apparatus and trafficked to the plasma
membrane, where it still exhibits a defect in channel gating. Thus,
we propose that besides the two previously described ER folding
checkpoints (12), there is a third AFT-mediated retention/
retrieval checkpoint at the ER /early Golgi apparatus that mon-
itors the folding status of CFTR en route to the cell surface.

In summary, our studies indicate that the location of CF muta-
tions within the HS a-helix of NBD1 determines the efficacy with
which the revertants G550E and 4RK restore their function:
Mutations located proximally are rescued better than those located
distally. This suggests that the HS a-helix plays a critical role in the
structure and function of CFTR. Moreover, our data demonstrate
that the revertants 4RK and G550E produce distinct effects on
F508del-CFTR: 4RK affects mainly the efficiency of processing,
enabling the mutant to escape AFT-mediated ER retention/
retrieval, with only limited rescuing of folding. In contrast, GS50E
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appears to exert its effect directly on the conformation of NBD],
as it rescues efficaciously the gating defect of F508del-CFTR.
Because G550 lies within NBD1, we consider that its correction of
the F508del gating defect likely represents the correction of an
existing F508del-NBD1 conformational defect and, hence, the
stabilization of the conformation of NBD1 and/or the global
structure of CFTR.

Methods

Site-Directed Mutagenesis, Cells, and CFTR Expression. By using the
QuikChange mutagenesis kit (Stratagene, La Jolla, CA), we intro-
duced mutations into CFTR in the pNUT vector (12, 45). We
transfected BHK cells with 2 ug of each CFTR variant by using
Lipofectin (Invitrogen, Carlsbad, CA) and selected for stable
transfectants by using 500 uM methotrexate. After 10 days, indi-
vidual clones were isolated and assessed for CFTR expression by
WBs. When compared with both wt- and F508del-CFTR, clones
expressing V562I- and R560T-CFTR expressed higher and lower
levels of protein, respectively, precluding studies on cell lines with
equivalent amounts of CFTR protein. For biochemical and I~
efflux assays, we seeded cells onto 60-mm Petri dishes and used
them 2-3 days later, whereas, for patch-clamp studies, cells were
seeded onto glass coverslips and used 2-5 days later. In some
experiments, CFTR expression was enhanced by either incubating
cells with 2 mM 4-PB for 24 h or at 26°C for 72 h.

Western Blotting, Metabolic Labeling, and CFTR IP. For WB, cells were
lysed, and 30 ug of total protein was analyzed as described (10, 43)
by using the anti-CFTR monoclonal antibody M3A7 (Chemicon,
Temecula, CA) to detect specifically CFTR and the SuperSignal
West Pico chemiluminescent substrate system (Pierce, Rockford,
IL) to develop WBs. For metabolic labeling, cells (=70% conflu-
ent) were starved for 30 min in methionine-free MEM (Invitrogen)
before being radiolabeled for 20 min in the same medium supple-
mented with 100 pCi/ml [*S]methionine (1 Ci = 37 GBq) (ICN
Biomedicals, Irvine, CA). For the chase (0, 0.5, 1, 3, and 5 h), the
labeling medium was replaced by MEM with 5% (vol/vol) FBS and
1 mM nonradioactive methionine. CFTR IP, electrophoresis, flu-
orography, and densitometry were performed as described (10).
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Glycosidase Assays. We treated total protein extracts from BHK cell
lines expressing CFTR variants with glycosidases as described (43).
In brief, 250 ug of total protein extracts were incubated with 50
milliunits of endoglycosidase H (Genzyme, Cambridge, MA) for
18 h at 37°C in the appropriate buffer or with 2 units of N-glycanase
F (Roche, Basel, Switzerland) for 18 h at 37°C. After protein
precipitation, samples were subjected to WB.

lodide Efflux. Experiments were performed as described previously
(44) by using fully confluent dishes of cells and with 10 uM forskolin
and 50 uM genistein. The amount of I~ was determined by
an I~ -selective electrode (ThermoElectron Corporation,
Waltham, MA).

Electrophysiology. CFTR Cl~ channels were recorded in excised
inside-out membrane patches by using an Axopatch 200A patch-
clamp amplifier (Molecular Devices, Union City, CA) and
pCLAMP data acquisition and analysis software (versions 6.03 and
9.0.0; Molecular Devices), as described (44). To activate and sustain
channel activity, 75 nM PKA and 1 mM ATP were added to all
intracellular solutions; voltage was clamped at —50 mV. For
single-channel studies, we used membrane patches containing <5
active channels, determining the number of active channels based
on the maximum number of simultaneous channel openings (45).

Statistics. Results are expressed as means = SEM of n observations.
Pulse—chase data were analyzed as described (10). To test for
differences, either a one-way ANOVA followed by the Dunnet T3
post hoc test or a Student ¢ test was used. Differences were
considered statistically significant when P < 0.05. Tests were
performed by using SigmaStat (version 2.03; Jandel Scientific,
Erkrath, Germany).
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