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Abstract

CFTR (ABCC7), unique among ABC exporters as an ion channel, regulates ion and fluid transport
in epithelial tissues. Loss of function due to mutations in the cftr gene causes cystic fibrosis (CF).
The most common CF-causing mutation, the deletion of F508 (AF508) from the first nucleotide
binding domain (NBD1) of CFTR, results in misfolding of the protein and clearance by cellular
quality control systems. The AF508 mutation has two major impacts on CFTR: reduced thermal
stability of NBD1 and disruption of its interface with membrane-spanning domains (MSDs). It is
unknown if these two defects are independent and need to be targeted separately. To address this
question we varied the extent of stabilization of NBD1 using different second site mutations and
NBD1 binding small molecules with or without NBD1/MSD interface mutation. Combinations of
different NBD1 changes had additive corrective effects on AF508 maturation that correlated with
their ability to increase NBD1 thermostability. These effects were much larger than those caused
by interface modification alone and accounted for most of the correction achieved by modifying
both the domain and the interface. Thus, NBD1 stabilization plays a dominant role in overcoming
the AF508 defect. Furthermore, the dual target approach resulted in a locked-open ion channel that
was constitutively active in the absence of the normally obligatory dependence on phosphorylation
by protein kinase A. Thus, simultaneous targeting of both the domain and the interface, as well as
being non-essential for correction of biogenesis, may disrupt normal regulation of channel
function.
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Introduction

Cystic fibrosis, the most common genetic disease in the Caucasian population results from
mutations in the gene coding for the CFTR anion channel protein, important in epithelial ion
and fluid homeostasis. Most patients have a Phe508 deletion mutation (AF508) causing a
loss of function and a folding defect in the channel protein 1: 23, A great deal of mechanistic
insight has been gained into how this single residue deletion affects the biosynthesis and
assembly of the large multi-domain membrane protein and its handling by cellular quality
control and proteolytic systems 4 5 6: 7.8 The impact of the mutation is mitigated at sub-
physiological temperature © and studies with the isolated first nucleotide binding domain
(NBD1) in which F508 resides revealed a large reduction in thermodynamic stability 10: 11,
This shift is reflected at the level of the channel function of the full-length

protein 12:13: 1415 Restoration of stability is achieved when the protein is expressed in cells
kept at reduced temperatures °, exposed to osmolytes 16: 17 and by a number of second site
mutations ©.

The effectiveness of these manipulations in experimental cell culture systems has motivated
extensive screening efforts to identify small molecules that can mimic the effects of low
temperature and osmolytes and serve as lead compounds for the development of
pharmaceutical treatments of the disease 18 1920, These cell based screens for the
appearance of the protein or its function on the cell surface have yielded several encouraging
compounds 21, the most effective thus far being VVX-809, discovered by Vertex
Pharmaceuticals 22. Although there is some evidence that these compounds may bind
directly to the nascent CFTR polypeptide 23 2425, their precise binding sites have not yet
been defined and some may act indirectly as so-called proteostasis regulators 2.

The existing corrector compounds are much more effective in supporting the maturation of
AF508 CFTR in cells at temperatures well below 37°C than at the temperature where
correction is required in patients’ tissues 23. These results strongly imply that the compounds
do not act primarily by restoring the diminished thermodynamic stability, although this does
not exclude the possibility that increasing temperature might reduce the binding affinity of
corrector compounds and thus diminish their efficiency.

The 3D structure of NBD1 determined by X-ray crystallography 27: 28 showed that F508 is
located on the surface of NBD1 and structures of the full-length protein determined by
homology modeling 29 30: 3132 and partially confirmed by Cys-pair cross-linking 2°
indicated that the residue participates in a hydrophobic contact with the fourth cytoplasmic
loop (CL4) of the C-terminal membrane-spanning domain. Studies in which the AF508
protein was modified by second-site changes in NBD1 and the NBD1/CL4 interface
separately or in combination have shown that the two types of modifications together are
more effective than either alone 33 34 and led to the idea that both should be targeted for
effective correction of the defect. However, it has not been determined whether more
effective means of stabilizing either the domain or the interface may be sufficient, nor has
the influence of these protein maturation-promoting changes on channel function been
analyzed in detail. Here, we present data showing that the combination of several additive
second site changes in NBD1 without any direct alteration of the NBD1/CL4 interface can
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effectively restore AF508 CFTR maturation and stability and that small molecules binding to
a specific NBD1 site have weaker but similar effects. Furthermore, the combination of
maximal NBD1 stabilization and interface modification by the paradoxical R1070W
interface mutation disrupts the normal control of channel activity by phosphorylation. Thus,
while the targeting of both the domain and the interface is a rational therapeutic approach, it
may not be essential and could have unintended consequences.

Multiple NBD1 stabilizing mutations have additive corrective effects on AF508 CFTR
maturation, cell surface appearance and channel function

Teem and colleagues originally used genetic methods to identify second site suppressor
mutations of the AF508 CFTR defect in NBD1 3. Since then, a range of additional NBD1
modifications having similar effects have been described. These include several single
residue substitutions that improve the solubility of isolated NBD1 27, deletion of the
regulatory insertion (RI) peptide 13: 36 and the introduction of proline residues at several
mobile sites 4. Rabeh et al 33 found that while several of the solubilizing and suppressor
mutations caused only a modest promotion of AF508 CFTR maturation, their effects were
greater when they were combined with the NBD1/CL4 interface substitutions R1070W or
V510D, the latter also having been shown to have a direct effect on NBD1

thermostability 10. These and related studies of Mendoza et al 34 have led to the proposal
that two separate steps are required to correct the AF508 mutation i.e., stabilization of NBD1
and modification of its interface with CL4. Here we addressed the relative contributions of
each of these steps and how they are inter-related. For NBD1 stabilization within the full-
length mutant protein, proline introduction, RI deletion, and the original suppressor
mutations were used in different combinations. In general, combination of any two of these
stabilizing changes increased AF508 maturation (greater band C/B ratio) from about 30% to
50% of the wild-type level (Fig.1a, top panel, lanes 4-6). When all three modifications
were combined (AF508/combo, lane 7), the amounts of both B (Fig. 1a, second panel) and
C (Fig. 1a, third panel) bands were further increased resulting in a somewhat lesser
increment in C/B ratio (Fig. 1a, bottom panel). Nevertheless, the amount of C band reached
~ 75% of wild-type level. In contrast, each of the interface substitutions, V510D (lane 8) and
R1070W (lane 9) had much smaller effects. Their addition to the maximally stabilized
NBD1, i.e, lanes 10 and 11, respectively compared to lane 7 caused a further increase in
band C to levels approaching that of the wild-type but this increment amounted to only a
further increase in C/B ratio of about 25% and an even lesser increase in C band amount.
These data are consistent with both NBD1 and NBD1/CL4 correction ameliorating impaired
AF508 CFTR maturation but they also indicate that NBD1 stabilization makes the larger
contribution and appears to play the dominant role.

To supplement the evaluation of maturation from the steady-state amounts of the immature
and mature forms of the protein, their inter-conversion was followed in pulse-chase
experiments (Fig. 1b). The rates of disappearance of the immature forms of the differently
stabilized AF508 variants were not appreciably different from each other or from the wild-
type. However, at the 1 h and 4 h chase times the amount of mature product formed by the
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NBD1 stabilized variant (AF/combo: AF/2PT/ARI/3S) was as high as that of the wild-type
although somewhat less at the 2 h chase time. The rates of appearance of the mature
products and the levels reached were increased further when the R1070W mutation was
added to the combined NBD1 changes but not when V510D was added. Thus, the combined
NBDZ1 changes without interface changes result in a maturation level approaching that of
wild-type with added interface modification causing only a small further increment.

The amounts of CFTR reaching the cell surface also was measured employing external
epitope labeled forms and functionally in an iodide efflux assay. The surface level of AF508
CFTR with the combined NBD1 stabilizing mutations (AF/combo) reached ~90% that of
WT CFTR (Fig. 1c), and the level was somewhat further increased when V510D or
R1070W was added to the combination (AF/combo/V510D and AF/combo/R1070W).
Forskolin-stimulated iodide efflux from cells expressing AF508/2PT CFTR was delayed
compared to WT CFTR and the peak efflux rate was ~40% of the WT level (Fig. 1d, top
panel). Additional NBD1 stabilizing mutations (AF508/combo) increased the peak to ~ 60%
of WT, and the lag of peak appearance typical for rescued AF508 CFTR was no longer
present. Functional activity measured using this iodide efflux assay was similar for the
AF508/combo and the AF508/4PT/R1070W, indicating the effectiveness of the combination
of multiple NBD1 stabilizing mutations without interface modification in promoting AF508
CFTR channel activity. The addition of V510D to the AF508/combo did not further increase
its peak of iodide efflux. It was initially surprising to observe that, the addition of R1070W
to the AF508/combo apparently greatly diminished iodide efflux (Fig. 1d, bottom panel).
However, evaluation of the intracellular iodide level of these cells after six rinses, prior to
the stimulation of efflux, revealed only about 1/3 the amount of iodide as the WT and other
mutants. This apparent inability of BHK cells expressing AF508/combo/R1070W CFTR to
be effectively stimulated by forskolin cocktail suggested that the AF508/combo/R1070W
CFTR channel might be constitutively active, a possibility that was subsequently confirmed
at the single channel level (see Fig. 5 below).

Enhancement of full-length AF508 CFTR maturation by NBD1 stabilizing mutations
correlate with their increase in NBD1 Tm

The additive effects of different NBD1 stabilizing mutations in promoting AF508 CFTR
maturation and function prompted us to investigate whether their relative impacts correlated
with their ability to thermally stabilize NBD1. In addition to the S492P substitution found in
three non-mammalian species that are relatively insensitive to the destabilizing influence of
the AF508 mutation13 we also included a second Q-loop proline substitution, S495P present
in shark CFTR. As evident from the heat capacity profiles (Fig. 2a, upper panel) and Tm
values determined by differential scanning calorimetry (DSC) (Fig. 2a, lower panel),
additive effects of the various NBD1 stabilizing mutations were found to increase the Tm of
isolated NBD1. S492P or 1539T alone slightly increased the Tm of NBD1 (ATm 2-3°C)
similar to the affect of the solubilization mutations F494N and Q637R combined. The
S492P and 1539T substitutions had additive affects such that ATm increased to 4.4 °C, and
ATm was further increased to 8.4 °C when the additional mutations A534P/G550E/R553M/
R555K were introduced. The S495P substitution alone in the isolated NBD1 of human
CFTR caused the largest increase in Tm (5.99 + 0.33°C) of any single change tested (Fig.2a,
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lower panel). Therefore, we compared the effect of S495P with that of other NBD1
stabilizing mutations on the maturation of AF508 CFTR. As shown in Fig. 2b, the S495P
substitution in AF508 CFTR resulted in substantial maturation. The effect of this single
mutation was in contrast to that of S492P which only increased maturation substantially
when present together with 1539T. Combination of 1539T with S495P, however, did cause a
further increase in maturation and the effects of the two proline substitutions also were
additive. Importantly, the extent of improvement in maturation by the different changes
paralleled the magnitudes of the Tm increases in NBD1 that they caused (Figs. 2a and b).
This tight correlation between the effects of a full spectrum of known NBD1 second-site
mutations on the thermal stability of purified NBD1 determined by DSC and the
biosynthetic maturation of full-length AF508 CFTR (Fig. 2c) strongly supports the idea that
thermal stabilization of NBD1 is able to bring about virtually complete rescue of AF508
CFTR.

NBD1 binding small molecules also increase AF508 CFTR maturation

Since amino acid substitutions at several sites in NBD1 restore the thermal stability and
maturation of AF508 CFTR, we asked whether small molecule binders could have a similar
effect. Interestingly, none of the small molecule correctors of AF508 turned up in cell based
screens so far appear to act on NBD1, perhaps partially explaining why they have little
effect on the thermal stability of the full-length mutant protein 23 25, Therefore we
employed two related compounds (5-bromoindole-3-acetic acid, BIA and its analog 5'-
bromo-3-ethoxyindole- acetic acid, BEIA) found earlier to bind to a specific site on NBD1
during co-crystallization experiments (Fig. 3a), performed by SGX Pharmaceuticals with the
support of Cystic Fibrosis Foundation Therapeutics Inc. These compounds caused small but
significant increases in the Tm of purified NBD1 (Fig. 3b). BIA increased the Tm of WT
and AF508 NBD1 by 0.9 + 0.2 and 1.4 + 0.2°C, respectively, while the influence of BEIA
was slightly larger, causing Tm increases of 1.7 + 0.1 and 2.4 £ 0.2°C, respectively.
Exposure of cells expressing AF508 CFTR to BIA caused a dose-dependent promotion of
maturation (Fig. 3c). However this increase occurred over the high concentration range of
0.1to 1.5 mM, reflecting low affinity binding. BEIA had a similar but more pronounced
affect, causing appreciable maturation at 0.5 mM, consistent with its slightly higher binding
affinity to NBD1 and increase in Tm of NBD1. Notably, this compound at a concentration
of 1 mM, not yet toxic to cells, caused a large elevation in the amounts of both the immature
(band B) and mature (band C) forms of the mutant protein (Fig. 3c).

To test the action of these NBD1 binding compounds together with a corrector compound
not known to act on NBD1, we exposed cells to these indole compounds and an optimal
concentration of the VX-809 corrector. The results shown in Fig. 3d clearly revealed an
elevated response to both of the NBD1 binders in the presence of VX-809, consistent with
the corrector and the binders having different sites and modes of action.

To further probe the action of these indole-based compounds, we assessed their affects on
AF508 CFTR already partially corrected by second site mutations in NBD1 or at the
NBD1/CL4 interface. Fig. 3e show that both BIA and BEIA further strongly increased
maturation of the NBD1 stabilized variant AF508/2PT (S492P/A534P/1539T). Thus, it
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appears that binding to a site on NBD1 separate from the sites changed by mutation is
additive with their summed impact. Turning to the interface modified variants (Fig. 3f),
BEIA also caused a large further increase in the maturation of the AF508/\VV510D protein.
The BEIA influence on the other interface substituted form of the protein, R1070W was less
pronounced, particularly at the lower concentrations of the compound. Overall, however the
NBD1 binding indole compounds enhanced maturation of AF508 CFTR with or without
genetic stabilization of NBD1 or the NBD1/CL4 interface, providing the first direct
evidence that NBD1 binding small molecules other than nucleotides can counteract the
folding defect. In addition, iodide efflux assays showed that BIA increased the functional
activity of AF508 CFTR to a similar level as that rescued by 2PT mutations (Fig. S1), which
also was further increased by VX-809.

The disease-associated CL4 mutation R1070W differentially influences wild-type and
AF508 CFTR

R1070W is a relatively rare disease-associated mutation in the CL4 region of CFTR.
Although the mutation does not cause complete loss of function, it does diminish
biosynthetic maturation and channel activity 37, resulting in a moderate CF phenotype in
patients 38, Homology models of CFTR 3D structure indicated that the R1070-containing
segment of CL4 was proximal to F508 on the NBD1 surface 2% 30: 3132 and Thomas and
colleagues reasoned that the introduction of the aromatic tryptophan side chain by R1070W
substitution might compensate for the loss of the phenylalanine side chain due to the
absence of F508 at the interface between domains 8. They showed that the R1070W
mutation substantially improved the maturation of AF508 CFTR. This effect has been
widely confirmed and is integral to the proposed two-step strategy for correction of the
AF508 defect 34. In this model, step 1 is NBD1 stabilization and step 2, NBD1/CL4
modulation.

Contrasting effects of R1070W on wild-type and AF508 CFTR is very evident at the level of
biosynthetic processing as shown in Fig. 4a, where maturation of the wild-type is reduced
while that of AF508 is promoted. In both cases, however, addition of the combined NBD1
stabilizing changes restored maturation to levels similar to wild-type. The compensatory
effect of a stabilized NBD1 on the CL4 mutation as well as on the AF508 mutation within
the domain is indicative of allosteric propagation of a conformational signal across the
NBD1/CL4 interface. While the opposite effects of R1070W on WT and AF508 CFTR
maturation have been well documented, the corresponding functional consequences have
not. We have analyzed the single channel activities of these species. The R1070W mutation
alone resulted in very low channel open probabilities at both 25°C and 35°C (Fig. 4b).
Remarkably, there was no significant increase in the P, values with increasing temperature
suggesting that this variant may be thermally unstable. This appeared to be the case, as
activity was completely lost after holding at 35°C for approximately 15 min. In contrast,
robust channel gating was observed with the combined AF508/R1070W variant with the
expected elevation of P, as temperature was increased from 25°C to 35°C (Fig. 4c). This
increased frequency of gating was also observed in experiments where temperature was
continuously ramped upward from below 25°C to above 35°C (Fig. 4d). However, full
conductance gating abruptly ceased shortly after reaching the higher temperature (note
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arrow in lower tracing of Fig. 4d). Therefore, as with the much less active R1070W/WT
form, this more active double mutant (AF508/R1070W) has a similar short functional life-
time at 35°C confirming that it remains thermally unstable 15,

Increased NBD1 thermal stability promotes the CFTR channel open state

In the course of analyzing the channel activity of various constructs that improve mutant
CFTR maturation we observed a tendency towards progressively increased open
probabilities. This behavior was especially evident when the single channel activities of
AF508 CFTR modified by combined NBD1 stabilizing changes with and without the
R1070W interface mutation were compared with the unmodified wild-type at both 25°C
(Fig. 5a) and 37°C (Fig. 5b). At the lower temperature (Fig. 5a), NBD1 stabilization alone
caused AF508 to have a P, of 0.58, exceeding that of the wild-type (0.25) but with obviously
reduced gating kinetics as we had observed previously due to the introduction of only the
stabilizing proline residues into NBD1 14, Strikingly, addition of the R1070W mutation to
the NBD1 stabilized combination resulted in a very high open probability (0.91) even at this
lower temperature. At mammalian physiological temperature (Fig. 5b), the kinetics of the
NBD1 stabilized AF508 variant was accelerated as expected and the open probability of 0.78
(Fig. 5b, second tracing) was quite similar to that of the wild-type (0.81) (Fig. 5b; top
tracing). With the addition of R1070W a nearly completely locked open state was achieved
with a Po of 0.98 (Fig. 5b, third tracing). Thus, the NBD1 and NBD1/CL4 interface
modification, together very effective in improving AF508 CFTR maturation, also has a
profound influence on channel function. The lower two tracings in Fig. 5b indicate that the
combined stabilizing modifications of NBD1 also elevate the open probability of the wild-
type channel with and without the R1070W mutation.

Combined NBD1 stabilization and NBD1/CL4 interface modification result in constitutive
ion channel activity of AF508 CFTR

In iodide efflux experiments from whole cells expressing AF508/combo/R1070W CFTR we
had observed that the cells could not be efficiently loaded with the anion prior to the
stimulation of cAMP production to activate PKA (Fig. 1d), suggesting the possibility that
the apparent locked-open state might exist in the absence of the normally obligatory
phosphorylation by PKA. To test this possibility directly, membrane vesicles were treated
with a phosphatase to remove any possible activating phosphorylation of R domain sites
prior to bilayer fusion. Unmodified wild-type CFTR is entirely dependent on
phosphorylation by PKA 39 as illustrated in Fig. S2. Not surprisingly, as seen in Fig. 6, the
alkaline phosphatase treated channels of both AF508/combo/ CFTR (Fig. 6a, upper trace)
and the wild type based combo CFTR channels (Fig. 6b, upper trace) had very low open
probability. In contrast, the NBD1 combo stabilized versions of the AF508 CFTR channels
(Fig. 6a, middle tracing) and wild-type (Fig. 6b, middle tracing) responded very
differently to addition of the R1070W mutation, the former channel becoming essentially
locked open while the open probability of the latter was increased only modestly.

To further verify that the high open probability state of AF508/combo/R1070W CFTR was
reached independently of phosphorylation by PKA we employed a construct in which
serines or threonines at all 15 PKA phosphorylation sites were mutated to Ala (15SA) 3.
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While the activity of the combo/R1070W/WT CFTR was little changed by the 15SA
modifications (Fig. 6b, lower tracing), the 15SA version of the AF508/combo/R1070W
CFTR channel remained fully active even in the absence of PKA phosphorylation sites (Fig.
6a, lower tracing), confirming that the maximally NBD1 stabilized and NBD1/CL4
interface modified form of AF508 CFTR has lost normal regulatory control by
phosphorylation.

Discussion

In this study we attempted to determine whether correction of the AF508 defect in CFTR
required modification of both the NBD1 domain in which F508 resides and the NBD1/CL4
interface, to which the residue also contributes or if targeting only one of these locations is
sufficient. Our thinking was influenced by the fact that CFTRs of several non-mammalian
species, including avia and elasmobranchs, that are little influenced by the AF508 mutation,
have stabilizing sequence differences in NBD1 but not at the interface 14. We had previously
made second site changes mimicking some of these NBD1 differences in human AF508
CFTR and found them to be strongly stabilizing, although not quantitatively restoring a
wild-type level of maturation 14. Furthermore, we also had shown that pairs of cysteine
residues introduced on either side of the interface could be cross-linked after but not before
these stabilizing NBD1 second site changes were made in AF508 CFTR 23, Thus, it
appeared that a remodeled interface formed on stabilization of AF508 NBD1 was adequate
for assembly and function of the full-length mutant protein.

To further pursue this hypothesis here we combined several of the most effective second site
changes in NBD1 with or without the interface stabilizing mutant R1070W and compared
their effects on maturation, traffic to the cell surface and channel function. It was found that
the outcome depended on which and how many stabilizing NBD1 changes were made.
While most individual changes and even the combination of two different ones caused
relatively modest increases in percent maturation, the combination of three different sets of
changes caused much larger increases to levels reaching at least 2/3 of wild-type (Fig. 1).
Strikingly, the introduction of a proline residue at position 495 (S495P) in the Q-loop was
found to cause the largest increase in the domain Tm and have the strongest restorative
effect on maturation of the full-length protein of any single NBD1 second site change and its
influence was additive with others (Fig. 2). This tight correlation between the capability of
NBD1 mutations to increase the thermal stability of NBD1 and enhance AF508 CFTR
maturation might explain the lack of effective rescue of AF508 CFTR by the combination of
NBD1 mutations which increase NBD1 thermal stability to a lesser extent 33,

The practical objective of efforts to understand how to overcome or compensate for the
AF508 defect is the development of efficacious therapeutic methods. The effectiveness of
the stabilizing mutagenic changes in NBD1 provide encouragement that small molecules
binding specifically to the domain might have similar effects. However, other than
nucleotides that are the domain’s natural ligands, stabilizing NBD1 binders had not been
identified. Odolczyk et al 40 reported the docking to NBD1 of several compounds identified
by virtual screening but their binding has not been confirmed experimentally. We took
advantage of two related compounds found to co-crystallize with NBD1 by SGX
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Pharmaceuticals. Although requiring high non-pharmaceutical concentrations, BIA and
BEIA caused a small increase in the Tm of NBD1 and promoted maturation of full-length
AF508 CFTR (Fig. 3). These data provide proof of principle that NBD1 binding small
molecules can be stabilizing and corrective. Importantly, their effects are additive with those
of the VVX-809 corrector that interacts at sites other than NBD1 23: 24: 25 These findings
emphasize the need to discover other NBD1 binders with higher affinity than these indole
compounds. A strategy of targeting flexible regions of NBD1 may be suggested by the
effects of proline introduction into three of these regions: the RI, the SDR and the Q-loop 14,
which enhance maturation and thermal stability. As demonstrated in the current work the
S495P mutation, two residues C-terminal of the Q-loop glutamine has the greatest impact.
This glutamine is known to contribute to the organization of the catalytic ATP binding site
in ABC proteins and although the exact function and mechanism of action of the loop that
follows it is not fully understood, it joins the ATP binding core and alpha-helical domains
and may undergo conformational changes during the catalytic cycle, possibly switching
between more and less extended states 41. In addition to changing the side chain, a proline
substitution might be expected to influence the conformational mobility of the loop. Side
chains of the loop residues interact with the membrane-spanning domains in other ABC
proteins and we have observed cross-linking between cysteines replacing the Q-loop residue
WA496 and T1064 in CL4 of CFTR as well as between M498 and L1065 2. Thus, Q-loop
stabilization by prolines (at positions 495 or 492) could possibly act by improving the
connection between NBD1 and CL4 that is compromised by the absence of F508.

These considerations focus attention on the influence of the “corrective” modifications of
NBD1 or the NBD1/CL4 interface on the function of the “corrected” mutant protein. Our
attention was drawn to this issue by the observations that progressive improvement in
human AF508 CFTR maturation with the introduction of increasing numbers of proline
substitutions resulted in slowed gating kinetics 14. Therefore, while restoration of the
thermal stability deficit caused by AF508 clearly is necessary, it appeared that hyper-
stabilization could be detrimental to function. This suggestion is extended by the current
results in which further stabilization of NBD1 by combining multiple different kinds of
modifications ("combo”) shifts the rescued AF508 CFTR channel gating to a higher than
wild-type open probability state (Fig. 5).

Turning to the impact of modifying the NBD1/CL4 interface, which may be a site of action
of the VX-809 corrector 23 25 the R1070W mutation, shown by others to improve AF508
CFTR maturation &, was the main tool we employed. We observed that the mutation alone
promoted only a low level of maturation as did the other known interface change, V510D 43,
Not only were their effects small compared to those of NBD1 stabilizing changes but
R1070W also caused only a small increment above the correction caused by combined
NBD1 stabilization (Fig. 1). From a functional perspective, most significant was the finding
that, when modified by combined NBD1 mutations and R1070W, the efficiently assembled
AF508 channel was constitutively active, not requiring phosphorylation by PKA (Fig. 6).
Although the mechanism underlying this effect remains to be elucidated, it occurs in the
stabilized mutant protein only when the NBD1/CL4 interface is altered by both the absence
of F508 and the presence of R1070W (Fig. 5 and 6). The disease-associated R1070W
mutation alone is destabilizing of wild-type CFTR but does not cause it to be constitutively
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active without phosphorylation even when it contains all the NBD1 stabilizing changes (Fig.
6). Clearly the different interface, that is formed when the aromatic F508 residue is removed
and an aromatic tryptophan replaces R1070, alters channel regulation from that occurring
when only one or neither of these changes is made.

These findings do not detract from the idea of therapeutically targeting the interface in
different ways since it clearly plays a role in the propagation of stabilizing effects between
domains as evidenced by the fact that impaired maturation caused by R1070W can be
overcome by NBD1 stabilizing changes (Fig. 4a). Furthermore, from a therapeutic
perspective it may be extremely challenging to achieve the high degree of NBD1
stabilization by small molecules to obviate the need to also target the interface. However,
because the interface mediates a domain-swapping interaction fundamental to the structure
and function of all members of the ABC exporter class of proteins, its modification may
have to be done delicately and precisely with monitoring of both assembly/stability and
function. Less delicate maneuvers such as covalent cross-linking across the interface arrest
channel gating 2°. It remains uncertain whether a therapeutic strategy targeting NBD1 and
its interface with membrane-spanning domains may be necessary or optimal as NBD1
stabilization alone can have a strong corrective effect and combining both modifications can
disrupt regulation of the rescued mutant channel.

Materials and Methods

Construction and expression of mutants

Various site-specific mutations were introduced into the CFTR construct in pcDNA3 vector
by the Stratagene Quick Exchange protocol as described?4. Point mutations were confirmed
by automated DNA sequencing (Eurofins MWG Operon, Huntsville, AL). Human
embryonic kidney 293 (HEK) cells were transiently transfected using Jet PEI transfection
reagent (Polyplus Transfection Inc., NY) according to the manufacturer’s instructions. Cells
were harvested 48 hrs post transfection. For stable expression, constructs were cotransfected
with pNUT plasmid into baby hamster kidney (BHK-21) cells, which were selected and
maintained in methotrexate (500 uM) containing DMEM-F12 media. For all experiments,
cells were grown at 37°C. In some experiments, cells were treated with BIA (5-bromo-3-
indole acetic acid, Sigma-Aldrich, St. Louis, MO) and BEIA (5-bromo-4-ethoxyindole
acetic acid, PharmaBlock, Nanjing, China) with or without VVX-809 for 24 hrs. Cell lysates
were prepared in RIPA buffer (50 mM Tris, 150 mM NaCl, 1% Triton X-100, 1%
deoxycholate, pH 7.4) plus protease inhibitor cocktail (1 pg/ml leupeptin, 2 pg/ml aprotinin,
3.57 ug/ml E64, 156.6 ug/ml benzamidine and 2 mM Pefablock). Protein concentrations
were measured using bicinchoninic acid assay (BCA reagent from Pierce Thermo
Scientific). Twenty micrograms of total proteins were loaded on 7.5% SDS-PAGE and
subjected to Western blot analysis to determine CFTR protein expression and maturation.
The amount of mature and immature CFTR was measured with a Odyssey Imaging system
(Li-Cor Bioscience, Lincoln, Nebraska).
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Cell surface detection

BHK cells expressing WT and AF508 CFTR variants with an external epitope tag on
extracellular loop 4 were plated at 30,000 cells per well in 96 well plates and grown
overnight. Cells were washed once with PBS and fixed for 10 minutes at room temperature
with 2% paraformaldehyde in PBS. Cells were then washed and blocked with 5% normal
goat serum + 1% BSA in PBS for 1 hour. Primary antibody against the external epitope tag
was diluted in blocking solution and incubated for 2 hours. After washing, cells were
incubated with Alexa Fluor 790 goat- anti-mouse antibody (Molecular Probes) and Syto 60
nucleic acid stain (Li-Cor Biosciences) for 1 hour. Plates were read using an Odyssey
infrared scanner and the ratio of fluorescence reading at 800/700 was calculated to measure
the surface expression of CFTR.

Metabolic pulse chase

Short term pulse chase experiment was performed as described?4 to compare the maturation
efficiency of WT and mutant CFTR. Briefly, BHK cells stably expressing WT CFTR or
AF508 CFTR with various stabilizing mutations grown in 6 well plates were pulse labeled
for 20 minutes using 500 ul of 100 mCi/ml 35S-methionine (MP Biomedicals, Solon, OH) in
methionine free DMEM. Cells were then washed 2 times with PBS and chased with growth
medium supplemented with 2 mM cold methionine for the indicated times. The chase was
stopped by washing 2 times with cold PBS and solubilizing the cells with RIPA buffer
containing the protease inhibitor cocktail. CFTR was immunoprecipitated using antibody
596. The immunoprecipitated proteins were then run on a 6% polyacrylamide gel, fixed with
acetic acid-methanol and soaked in 1 M sodium salycilate for radiography. Band intensity
was quantified by directly measuring the radioactivity using a Packard Instant Imager.

lodide efflux assay

BHK cells stably expressing WT and mutant CFTR grown to ~ 100% confluence in 6 well
plates were incubated in an iodide loading buffer (136 mM Nal, 3 mM KNOg3, 2 mM
Ca(NO3)7, 11 mM glucose and 20 mM HEPES, pH 7.4) for 1 hour at room temperature.
Extracellular iodide was removed by rinsing the cells 6 times with iodide-free efflux buffer
(same as the loading buffer except NaNO3 replaced Nal). Samples were collected by
completely replacing the efflux buffer (1 ml volume) with fresh solution at 1 min intervals.
The first four samples were used to establish the baseline. lodide efflux upon stimulation
with PKA agonists (10 uM forskolin, 100 uM dibutyryl cyclic AMP and 1 mM 3-isobuty-1-
methylxanthine) was measured using an iodide selective electrode (Thermo Fisher.). At the
end of each assay, efflux buffer containing 0.1% Triton X-100 was added to release leftover
iodide, as shown with the * in the figure legend. In case of compound treatment, cells were
incubated with compound at doses indicated in figure legends for 24 hr at 37°C, and
compounds were present during loading and throughout the efflux assay.

Human NBD1 Expression and Purification

Human NBD1 constructs, residues 387-646 minus the RI residues 405-436 (ARI/ARE-
NBD1), containing the selected mutations were expressed as SUMO fusions in BL21(DE3)
Codon Plus cells and purified as described previously10: 28, Briefly, fusion protein was first
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purified by prepacked Ni Sepharose column, followed by removal of the SUMO tag using
Ulp1 protease and dialysis. The sample was then passed through a second Ni column to
remove residual SUMO tag, followed by a Superdex 200 gel filtration column to collect the
monomeric protein. Purified proteins were stored at —80 °C in buffer containing 20mM
HEPES, pH 7.5, 150 mM NaCl, 10%glycerol, 10%ethylene glycol, 2mM Tris(2-
carboxymethyl)-phosphine, 2 mM ATP, and 3 mM MgCl,. Protein concentration was
determined with the Pierce 660 nm assay in microtiter plate format, calibrated using B.
subtilis NAD synthetase. ATP concentration in the sample was determined by HPLC on a
Shimadzu HPLC system (Shimadzu Corp. USA) equipped with a 100 x 4.6 mm Synergi 4y
Polar-RP column (Phenomenex Inc. USA).

Differential Scanning Calorimetry

Calorimetry was carried out on the VVP-Capillary DSC System (MicroCal Inc., GE
HealthCare, U.S.A.), in 0.130 mL cells, at a heating rate of 2 °C/min. Unless otherwise
indicated, the buffer for NBD1 DSC experiments was the same as its storage buffer (see
above). Prior to each DSC experiment, ATP concentration of the sample was checked and
adjusted if necessary to 2 + 0.1 mM. A buffer-only heat capacity curve was subtracted from
the protein curve, and data were analyzed using the MicroCal Origin 7.0 software, from
which the unfolding temperature (T,y), and the calorimetric (AH.) unfolding enthalpy were
obtained. At least two measurements were performed on each construct. The general
reproducibility of NBD1 T, values is within £ 0.3 °C.

Planar bilayer based single channel measurement

Planar lipid bilayers were prepared by painting a 0.2 mm hole drilled in a Teflon cup with a
phospholipids solution in n-decane containing a 3:1 mixture of 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphoethanolamine and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoserine
(Avanti Polar Lipids). The lipid bilayer separated 1.0 ml of solution in the Teflon cup (cis
side) from 5.0 ml of a solution in an outer glass chamber (trans side). Both chambers were
magnetically stirred and thermally insulated. Heating and temperature control were
established by a temperature control system (TC2BIP, Cell Micro Controls). CFTR ion
channels were transferred into the preformed lipid bilayer by spontaneous fusion of
membrane vesicles containing CFTR variants. To maintain uniform orientation and
functional activity of CFTR channels transferred into the bilayer, 5 mM ATP, 50 nM PKA
and membrane vesicles were added in the cis compartment only. Calf intestinal alkaline
phosphatase (200 units/ml, New England Biolabs, Ipswich, MA) was substituted for PKA
and ATP in the membrane vesicle stock solution to generate control vesicles with
nonphosphorylated CFTR protein. After 30 min treatment at room temperature alkaline
phosphatase was washed out by sedimentation and resuspension and then used for further
single channel recording without PKA in the cis compartment. All measurements were done
in symmetrical salt solution (300mM Tris—HCI, pH 7.2, 5mM MgCl, and 1mM EGTA)
under voltage-clamp conditions by using an Axopatch 200B amplifier. The membrane
voltage potential of =75 mV is the difference between cis and trans (ground) compartments.
The output signal was filtered with an eight-pole Bessel low-pass filter, LPBF-48DG (NPI
Electronic, Tamm, Germany), with a cutoff frequency of 50 Hz, digitized with a sampling
rate of 500 Hz and recorded with pClamp 9.2 software. Origin 75 software (Origin Lab
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Corp., Northampton, MA) was used to fit all point histograms (pClamp 9.2, Axon
Instruments) by multi-peak Gaussians. Single-channel current was defined as the distance
between peaks on the fitting curve and used for the calculation of the single-channel
conductance. The probability of the single channel being open (Po) was calculated as a ratio
of the area under the peak for the open state to the total area under both peaks on the fitting
curve.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

CFTR cystic fibrosis transmembrane conductance regulator

ABC ATP-binding cassette protein

AF508 deletion of phenylalanine 508

NBD1 first nucleotide binding domain

MSD membrane spanning domain

CL4 cytoplasmic loop 4

ARI deletion of regulatory insertion

DSC differential scanning calorimetry

Tm melting temperature

BIA 5-bromoindole-3-acetic acid

BEIA 5’-bromo-3-ethoxyindole- acetic acid

PKA protein kinase A

BHK baby hamster kidney cells

HEK human embryonic kidney 293 cells
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e Iscombined targeting of NBD1 and NBD1/MSD an ideal strategy to rescue

»  Multiple NBD1 second site changes alone additively restored AF508 CFTR

»  Maturation of AF508 CFTR correlated quantitatively with NBD1 Tm increase.
 Combined NBD1 and NBD1/MSD mutations resulted in constitutive channel

e Therefore targeting of NBD1 should be a priority for AF508 CFTR correction.
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Figure 1. Combinations of NBD1 stabilizing mutants are additive in promoting AF508 CFTR
maturation and channel function

(a). Western blot analysis of BHK cells stably expressing WT and AF508 CFTR with
various rescuing mutants grown at 37°C. The intensity of complex glycosylated mature
CFTR (C band) and core glycosylated immature CFTR (B band) was quantified and C/B
ratio was calculated. Data plotted are mean and standard deviation (N=3). 2PT: S492P/
AS534P/1539T; 4PT: 2PT+S422P/S434P; 3SS: G550E/R553M/R555K; 4SS: 3SS + 1539T;
ARI: deletion of regulatory insertion amino acids 404-435; combo: ARI + 2PT + 3SS. (b).
Pulse chase labeling of BHK cells stably expressing CFTR variants. Autoradiograms shown
were quantified electronically, and rates of disappearance of immature precursors (B band)
and appearance of mature products (C band) were graphed. N=3. AF/combo: AF508 with
2PT/ARI/3SS mutations. (c). Cell surface expression of CFTR on BHK cells expressing WT
and A F508 CFTR variants with an epitope tag were measured by on cell Western. (d).
Channel activity measurement by iodide efflux assay on BHK cells expressing CFTR
variants. The values represent the mean £ SD of the amount of iodide released from the cells
during the 1 min interval (N=4).
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Figure 2. Correlation between NBD1 thermal stability and AF508 CFTR maturation
(a). Upper panel: DSC heat capacity profiles for WT-(ARI, ARE)-NBD1 and sequence-

matched NBD1 stabilizing mutants in buffer containing 2 mM ATP and 3 mM MgCl, at a
scan rate of 2 °C/min. 1-WT; 2-S492P; 3-1539T; 4. S492P/I539T; 5-G550E/R553Q/R555K;
6-combo. Lower panel: The Tm difference between ARI/ARE-NBD1 with those carrying
various NBD1 stabilizing mutations. The values represent the mean = SD (N=2-3) (b). HEK
cells transiently transfected with WT and AF508 CFTR with various NBD1 stabilizing
mutants were grown at 37°C for 48 hr. The intensity of mature C band and immature B band
was quantified and the C/B ratio was calculated. The values represent the mean + SD (N=3-
6). 2PT: S492P/A534P/1539T; 3PT: 2PT+S495P. (c). The rescue of AF508 CFTR by NBD1
stabilizing mutants were expressed as the percent of WT C/B ratio and plotted against the
Tm increase caused by corresponding mutants in ARI/ARE-NBD1. * In full length CFTR
R553M was introduced instead of R553Q in isolated NBD1. Based on our single mutation
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analysis, the Tm difference between G550E/R553Q/R555K and G550E/R553M/R555K is
less than 1°C.
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Figure 3. Known binders of NBD1 promote the maturation of AF508 CFTR and the effect is
additive with corrector VVX-809 and stabilizing mutations

(a). Structures of NBD1 binders BIA and BEIA and the site of BIA binding to NBD1. b).
BIA slightly increased Tm of both WT- and AF-(ARI, ARE) NBD1 Dotted lines: AF; solid
lines: WT; black lines: without compound; red lines: with 4 mM BIA and blue lines: with 4
mM BEIA in a buffer with 1 mM ATP, 1.5 mM MgCl, and 5% v/v DMSO, at a scan rate of
2 °C/min. (c and d). BHK cells expressing AF508 CFTR were treated with various doses of
these compounds in the absence (c) and presence of 3 pM VX-809 (d) for 24 hrs at 37°C.
The intensity of mature C band and immature B band was quantified and the C/B ratio was
calculated. N=3. (e&f) BHK cells expressing AF508 CFTR with NBD1 stabilizing mutants
(e) and interface patch mutant (f) were treated with BIA and BEIA at various doses for 24
hrs at 37°C. The intensity of mature C band and immature B band was quantified and the
C/B ratio was calculated. N=3.
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Figure 4. The R1070W mutation in CL4 has different effects on the gating of wild-type and
AF508 CFTR channels

(a). Western blot indicating enhancement of maturation of mutant R1070W and AF508
CFTRs by combined NBD1 stabilizing mutants (combo). (b and c). Single channel
recordings of wild type (b) and AF508 CFTR (c) containing the R1070W mutant at 25 °C
and 35°C. All point histograms used to calculate single channel parameters are shown to the
left of each tracing. Time scale bar of 10 s is shown below the last tracing. Single channel
currents (gamma, y) and open probabilities (Po) are shown above each tracing. (d). Wild-
type and AF508/R1070W CFTR single-channel recordings during continuous temperature
ramp of 1 °C/min from 30 to 35 °C, maintained at 30 °C for 3 min before initiating the ramp
and held at 35 °C for 2 min. The moment of AF508/R1070W functional inactivation is
shown by an arrow above the tracing and appeared after about one minute at 35 °C. X-scale
bar below trace is 60 s and Y-scale bar is 1 pA.
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Figure 5. Combined NBD1 stabilizing mutations promote maturation and function of R1070W
CFTR in both AF508 and wild-type backgrounds

(a). Single channel current tracings of the wild type, AF508/Combo and AF508/Combo/
R1070W CFTRs at 25°C. All points histograms, single channel conductances, and open
probailities are shown as in Fig. 4. (b) Single channel currents at 37°C showing the
influence of combined NBD1 stabilizing changes on AF508 and wild-type CFTR without
and with the R1070W mutation. X-scale bar below traces is 10s.
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Figure 6. Combined NBD1 stabilizing mutations and R1070W result in phosphorylation-
independent opening of AF508 CFTR channels

(a). Single channel recordings at 37°C of alkaline phosphatase treated AF508 CFTR
containing combined NBD1 stabilizing mutations without (upper tracing) and with R1070W
(middle tracing) as indicated. Lower tracing: single channel recording at 37°C of AF508/
combo/R1070W with all 15 PKA phosphorylation sites mutated (15SA). X-scale bar below
traces is 10s. (b). Tracings for same variants of wild-type rather than AF508 CFTR.
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