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Abstract

The cystic fibrosis transmembrane conductance regulator (CFTR) anion channel is essential to maintain fluid
homeostasis in key organs such as the lungs or the digestive systems. Functional impairment of CFTR due to
mutation in the cftr gene lead to Cystic Fibrosis (CF) the most common lethal genetic disorder. Here we observe
that the first nucleotide-binding domain (NBD1) of CFTR can spontaneously adopt an alternative conformation
that departs from the canonical NBD fold previously observed for CFTR and other ATP-binding cassette (ABC)
transporter proteins. Crystallography studies reveal that this conformation involves a topological reorganization
of the B-subdomain of NBD1. This alternative state is adopted by wild-type CFTR in cells, where it leads to
enhanced channel activity. Single-molecule fluorescence resonance energy transfer microscopy shows that the
equilibrium between the conformations is regulated by ATP binding. However, under destabilizing conditions,
such as a the prominent disease-causing mutation F508el , this conformational flexibility enables unfolding of
the B-subdomain. Our data indicate that in wild-type CFTR switching to this topologically-swapped conformation
of NBD1 regulates channel function, but, in the presence of the F508del mutation, it allows domain misfolding
and subsequent protein degradation. Our work provides a framework to design conformation-specific
therapeutics to prevent noxious transitions.



Introduction

Cystic fibrosis (CF) is caused by mutations in the cystic fibrosis transmembrane conductance regulator (CFTR)
anion channel that lead to impaired epithelial ion transport with dramatic consequences in multiple organs,
particularly the lungs*?. CFTR belongs to the family of ABC transporters, with a pseudo-dimeric architecture
comprising 12 transmembrane helices connected to two nucleotide-binding domains (NBDs) °, as illustrated in
Fig. 1A. In most CF patients, the disease is caused by deletion of the phenylalanine residue at position 508
(F508del) in NBD1, which leads to absence of the channel from the plasma membrane*®. On the one hand, the
mutation is known to perturb assembly of this multidomain protein®®. On the other hand, studies have shown
that F508del compromises CFTR by decreasing the thermal stability of NBD1 and subsequently of the entire
protein”1%1 At physiological temperatures, the mutant channel is rapidly recognized as misfolded and is
degraded by the cellular quality control system*?3 |eading to the absence of protein maturation and cell-surface
expression. In vitro studies demonstrate that F508del has little effect on the NBD1 structure per se, but rather
alters stability and dynamics of the domain”!**>, Yet, the molecular events that lead to NBD1 misfolding remain
poorly understood. Molecular insight can be gained from stabilizing mutations that compensate for the effects
of F508del, leading to recovery of membrane expression and channel function 142! For example, by studying
CFTR from different species, it has been shown that replacing residues $S492, A534 and 1539 in the human channel
by their avian counterparts largely suppresses the deleterious effects of F508del?°. Another striking example
where a sequence change rescues the effect of the mutation involves the regulatory insertion (Rl), a 32-residue
long segment found in NBD1 of all CFTR orthologs, yet absent in related ATP-binding cassette (ABC) transporters.
The role of the Rl has remained obscure. It is not resolved in crystal structures of NBD1*?%23 nor cryo-
EM structures®?*% of full-length CFTR and has been described as intrinsically disordered®>. Remarkably, removal
of the Rlincreases the stability of isolated NBD1 and, in the context of F508del-CFTR, largely recovers maturation,
cell surface expression, activity and interdomain assembly of the mutant channel?. Another key factor is binding
of ATP to NBD1, which is required for correct conformational maturation of CFTR?’ and counterbalances
destabilization by F508del to some degree®?. While the Walker B motif in NBD1 lacks a catalytic base %2, making
this ATP-binding site non-hydrolytic?®, ATP binding is proposed to drive opening of phosphorylated CFTR channels
by promoting the formation of a NBD1:NBD2 dimer°. We set out to examine how factors such as ATP, stabilizing
mutations or removal of the Rl impact the conformational landscape of NBD1 to understand the molecular
origins of CF and inform therapeutic development.

Using single molecule Férster resonance energy transfer (smFRET) and nanobody-enabled structural studies, we
captured and characterized a previously unknown conformation that exhibits significant structural
rearrangements compared to the ‘canonical’ state of NBD1 originally described. We show that this non-canonical
conformation confers enhanced channel activity on wild-type CFTR. Using smFRET and hydrogen deuterium
exchange coupled to mass spectrometry, we characterized the conformational equilibrium between the two
states of NBD1. We identify the molecular determinants of the equilibrium and show that the conformational
transitions also favour local unfolding of NBD1 in the presence of the F508del mutation, suggesting a new
molecular mechanism for the pathogenesis of CF.



Results

The Regulatory Insertion Adopts Distinct Conformational States

To characterize the conformational landscape of the RI, we used smFRET to monitor the distance between
individual donor and acceptor dyes covalently attached to engineered cysteines in purified NBD1 (Fig. S1).

To overcome the poor expression and stability of NBD1 from wild-type human CFTR, we used the 2PT-NBD1
variant, which contains three stabilizing mutations found in avian CFTR (5492P, A534P and 1539T)”". Guided by
previous studies of functional full-length cysteine-less CFTR variant®**’, we replaced endogenous cysteines in
2PT-NBD1. Subsequently, for each FRET reporter, we introduced a pair of cysteines at desired locations and
labelled the purified variants with ATTO488 and Alexa647 as donor and acceptor fluorophores, respectively.

To monitor movements of the RI, we chose to label position 426 located within the Rl (residues 405-436, red
dashed line in Fig. 1B) and residue 519 positioned within a structured a-helix. The FRET efficiency between this
426-519 reporter pair showed a broad distribution of FRET states with a major population centred around Egzer
= 0.4 and two minor populations at Eszer= 0.7 and Erer= 0.9 when measured at room temperature (22 °C) in a
buffer containing 2 mM ATP (Fig. 1C). To assess whether conformational transitions occur on the submillisecond
timescale, we generated two-dimensional (2D) plots of donor lifetime versus FRET efficiency. The relationship
between donor lifetime and FRET efficiency depends on the kinetics of the conformational changes relative to
the observation time. Specifically, if the signals fall on the predicted static FRET line (see Methods), there is no
conformational exchange during the passage of the protein through the confocal volume of the smFRET
microscope (~1-5 ms), indicating that the protein exists in one conformation at a time. By contrast, if the signals
fall above the static FRET line structural changes occur, indicating dynamic behaviour on the submillisecond
timescale. For the 426-519 reporter pair, we observed that the population at Egzer= 0.4 falls on the static FRET
line and thus is long-lived while the populations at 0.7 and 0.9 are off the static FRET line and appear to be
dynamic (Fig. 1E). To investigate whether ATP binding modulates the conformational behaviour of the Rl we also
performed smFRET in the absence of ATP and observed a dramatic change in the conformational profile as the
entire population was shifted to Eer values centred around 0.7 and 0.9 (Fig. 1D) and located off the static FRET
line (Fig. 1F).

To characterize the structural changes between the low and high FRET states, we screened a library of
nanobodies directed against 2PT-NBD13? to identify Rl-conformation specific binders. We identified a nanobody
termed G11la which, upon binding to 2PT-NBD1, completely restricted the conformation of the Rl to the high
FRET state at Eqer = 0.9 (Fig. 1G). This state also existed in the absence of the nanobody (Figs. 1E-F). Thus, the
nanobody does not induce new conformations of 2PT-NBD1, but rather stabilizes a protein state which is
naturally present in the conformational ensemble.

To summarize, SmFRET measurements demonstrated that the conformational space of the Rl encompasses
several preferred states whose relative populations are regulated by ATP binding. These can also be visualized
using 2D histograms of FRET efficiency versus acceptor lifetime (Fig. S2).
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Fig. 1 | Single molecule FRET analysis for the 426-519 reporter pair of NBD1.

A, Depiction of the cryo-EM structure of the full-length CFTR protein (PDB: 5UAK) with its transmembrane domains
(TMDs) and cytoplasmic nucleotide-binding domains (NBDs). TMD1 is coloured grey and TMD2 green. The
regulatory domain and Rl are unresolved. Phenylalanine-508 (F508, orange) is shown in orange. B, Ribbon
representation of NBD1 showing the location of the smFRET reporters in the canonical conformation (based on the
published crystal structure of human NBD1, PDB: 2BBO). The positions of the labelled cysteines are shown as yellow
spheres. The RI, which is not resolved in the structure, is depicted as a red dashed line. ATP and F508, located in the
a-subdomain, are shown. C-D, FRET efficiency histograms of the 426-519 reporter in the presence and absence of
2 mM ATP and 3 mM MgCl,. E-G, Two-dimensional plots of donor fluorescence lifetime in presence of acceptor (1o
() versus FRET efficiency of the 426-519 reporter pair for the indicated conditions. For panel G, in the presence of

5 uM of nanobody G11a.

Binding of Nanobody G11a Stabilizes an Alternative Conformation of NBD1

We characterized the biophysical and biochemical properties of nanobody G11a and observed that it stabilizes
2PT-NBD1 upon binding, increasing its melting temperature by 10 °C in differential scanning fluorescence (DSF)
experiments (Fig. S3A). By contrast, G11a binding was entirely lost with the ARI-NBD1 variant where residues
405-436 have been removed, suggesting that G11a interacts directly with part of the Rl or binds a conformation
adopted only in presence of the RI (Fig. S3B). We determined the high-resolution crystal structure of the 2PT-
NBD1:G11a complex (Fig. 2A) at 2.7 A (see Table $2) and found that the binding epitope includes several residues
of the RI (residues 423-436, red), as well as part of strand S4 (residues 476-487, blue). The conformation of
NBD1 as captured by G11a is characterized by extensive structural changes in the B-subdomain resulting in an
alternative topology compared to the previously published crystal structures of NBD1 of CFTR'*?? and of NBDs
from other ABC proteins (Fig. 2B-C).
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Fig. 2 | The G11a-bound structure reveals a new conformation of NBD1 with a different topology.

A, High-resolution structure of 2PT-NBD1 in complex with nanobody G11a. No density is observed for residues 389—-422.
B, and C, comparative representations highlighting the topological changes in the B-subdomain observed between the
G1lla-bound structure (B, the nanobody is omitted for clarity) and the canonical conformation as previously published (c,
here PDB: 2BBO). Unresolved segments are illustrated as random coils with dashed lines in red for the RI (404—-436) and
in magenta for the N-terminus (389—-403). The segment including the S4 strand (473-487) is coloured in blue. A
topological representation of the B-subdomain is shown to the right of each conformation. In the new conformation,
residues from the Rl adopt a 3-sheet structure and replace the S1 segment which becomes unstructured. We therefore
refer to it as Fstrand-swapped.

All structures of human NBD1 published so far display a similar fold*?%23, In this canonical conformation (Fig. 2C),
the B-subdomain is made up of three -strands: the N-terminal S1 strand (389-404, purple), the S2 strand (437-
448, turquoise), and the S4 strand (473—-487, blue). The Rl (405-436, red dashed line) is unstructured and
connects S1 and S2. In the G11a-bound structure, we observed an alternative topology (Fig. 2B) of this B-sheet
where only the S2 strand is maintained in its original position. The S4 strand (blue) has unfolded to adopt a loop
structure which no longer interacts with other secondary structures of NBD1. Part of the Rl has become
structured and interacts with the S2 strand in an antiparallel 3-sheet (red) thus replacing the original S1 strand.
As a consequence, the entire 389-422 segment including the canonical S1 strand and the remainder of the RI
(schematized as purple and red dashed lines in Fig. 2) is disordered in the crystal structure. As the S1 strand is
replaced by a structured segment of the RI, we refer to this conformation as #-strand-swapped (B-SS).

Although this complex was crystallized in the presence of 2 mM ATP, we could only resolve the triphosphate of
ATP with no clear density observed for the base. This observation is likely related to the fact that W401, which
coordinates the adenosine base in the canonical conformation (Fig. 2C, purple), is disordered in the -strand-
swapped conformation.

In the B-SS conformation, residues 426 and 519, serving as anchor points for the FRET dyes, are separated by
only 26.5 A. Simulation of all accessible dye positions using FRET-restrained positioning and screening (FPS)
software3 predicts an Egzer value of 0.89 (Fig. S4A and Table S3), which agrees remarkably well with the observed
value of 0.9 (Fig. 1). We conclude that the high FRET state identified by smFRET corresponds to this G11a-bound
[-SS conformation characterized by crystallography.

The -SS Conformation is Sampled by Wild-Type CFTR and Compatible with Channel Function

The extensive and unexpected structural rearrangements observed in the B-SS conformation prompted us to
guestion its biological relevance, especially in the context of the full-length protein. As G11a binding is not
compatible with the canonical conformation of NBD1, we first established whether the nanobody binds a
physiologically relevant form of CFTR, an indication that the 3-SS state exists naturally. To this end, we performed



flow cytometry experiments on permeabilized HEK293 cells stably expressing wild-type human CFTR incubated
with either nanobody G11a, nanobody T2a (a nanobody that binds a conformationally invariant epitope on
NBD13) or a negative control nanobody (that does not bind NBD1). We observed robust labelling of CFTR-
expressing cells by nanobody G11a compared to the negative control (Fig. 3A), although signal intensity was
reduced compared to T2a. This result indicates that the B-SS conformation can be adopted by wild-type CFTR
expressed in cells where it likely represents a subpopulation of the conformational ensemble. We also performed
pull-down experiments with G11la on detergent solubilized membranes expressing wild-type CFTR. SDS-PAGE
and Western blotting analysis demonstrated that G1lla is able to bind both immature and mature, fully
glycosylated CFTR (Fig. 3B).
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Fig. 3 | The G11a nanobody binds to full-length CFTR in cells and increases channel activity.

A, Flow cytometry analysis of CFTR recognition by nanobodies in CFTR overexpressing HEK293 cells. Data were normalized
to the number of events acquired in each condition. Graph depicts one representative of six independent experiments.
The inset shows the average median fluorescence (fold against negative control, dashed line=1). B, Immunoblot of CFTR
pulled down with TwinStrep-tagged nanobodies from solubilized HEK293 cells. Eluted nanobody-CFTR complexes were
separated by SDS-PAGE and presence of CFTR was detected with a mouse anti-CFTR monoclonal antibody (596,
recognizing residues 1204-1211 in NBD2%) after immunoblotting. Arrows indicate the mature (band C) and immature
(band B) forms of CFTR. C, Open probabilities of wild-type CFTR in the absence and presence of G11a (1 uM). Symbols
represent individual values and columns are means + SEM (n = 6); *, P < 0.05 vs control. D, Representative recordings of
a wild-type CFTR CI" channel in an excised inside-out membrane patch from a C127 cell heterologously expressing wild-
type human CFTR. The recordings were acquired at 37 °C in the presence of ATP (0.3 mM) and PKA (75 nM) in the
intracellular solution. After the channel was fully activated, G11a (1 uM) was directly added to the intracellular solution
bathing the membrane patch. Dotted lines indicate where the channel is closed and downward deflections correspond
to channel openings.

Events (normalized)

To investigate whether the B-SS conformation of NBD1 affects the function of wild-type CFTR, we studied the
single-channel activity of wild-type CFTR. Figure 3D and Figure S5 show representative recordings of an individual
wild-type CFTR CI" channel in the absence and presence of saturating concentrations of Glla at 37 °C.
Nanobody G11a binding led to altered gating pattern of CFTR, with increasing the frequency, but not the duration
of channel openings, leading to a 50% increase in open probability (P,; a measure of the average fraction of time
that a channel is open) (Fig. 3C). Analysis of prolonged recordings revealed that, in the presence of G11a, CFTR
switched between two patterns of channel gating, one similar to wild-type and a second characterized by an
elevated P, (Fig. S5D-G). These data suggest that the alternative conformation represents a hyperactive channel
state.

We conclude that nanobody G1la exclusively stabilizes a non-canonical conformation of the Rl and X-ray
crystallography shows that this conformation is associated with extensive structural changes in the B-subdomain
of NBD1. This alternative, f-strand-swapped conformation is adopted by wild-type CFTR and constitutes a
functional state of the channel.



The Conformational Equilibrium of NBD1 is Regulated by ATP

To characterize the conformational equilibrium of NBD1, we performed smFRET on a second pair of distance
reporters. To follow the motions of the S4 strand, we labelled residues 479 and 519 which are separated by 41
A in the canonical conformation (Cs-Cp distance), versus 35 A in the B-strand-swapped conformation (Fig. 4A-B).
Simulations of labelling these sites yielded predicted Eger values of 0.47 and 0.64, respectively (see Fig. S4B and

Table S3).
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Fig. 4 | Single molecule FRET analysis for the 479-519 reporter pair of NBD1.

A-B, Positions of the labelled cysteines 479 and 519 for the canonical and -SS conformations. C-D, Two-dimensional
plots of donor fluorescence lifetime (tp (a)) versus FRET efficiency for the indicated constructs and conditions. In the
absence of conformational dynamics, the data clouds fall on the static FRET line (red continuous line). E, Overlay of
FRET efficiency histograms of 2PT-479-519 for the indicated ATP concentrations. Raw data (filled) were fitted using
the PDAFit software (thick lines, see Methods). Inset: populations of the canonical conformation as calculated by
PDAFit. Error bars indicate 95% confidence interval. F, Reversibility of the conformational change. G-H, Two-
dimensional plot of 2PT-479-519 in presence of G11la (G) and of the ARI-2PT-NBD1 variant with 2 mM ATP (H). I,
Deuterium uptake curves of the 475-490 peptide identified in mass spectral analyses of NBD1-2PT (blue) and ARI-
NBD1 (black). Error bars represent the standard deviation of technical triplicates. Data shown are representative of

three biological replicates.

When we measured the smFRET signal of this pair (Fig. 4C), we observed two distinct states with a major
population centred on Eger = 0.4 in agreement with predictions for the canonical conformation and a smaller
population centred on 0.8 (larger than the predicted value deduced from the crystal structure of the 2PT-
NBD1:G11a complex). This high FRET population increased sharply in the absence of ATP (Fig. 4D), confirming
that it corresponds to a non-canonical conformation. Furthermore, we observed that the data in the absence of
ATP lay off the static FRET, implying dynamic behaviour on the sub-millisecond timescale. Using photon
distribution analysis (PDA), we quantified the relative populations detected by FRET using 2 mM ATP, 0.2 mM
ATP and 0 mM ATP in the buffer (Fig. 4E). We observed that, at 2 mM ATP, about 80% of the distribution sampled



the canonical state and 20% the putative B-SS conformation. When we lowered the ATP concentration, the
population of the canonical state was decreased to 58% and 25% for 0.2 mM and 0 mM ATP, respectively,
demonstrating that modulation by ATP is concentration dependent.

We then performed a kinetic experiment where, by using 0 mM ATP, the non-canonical state was initially
imposed, as evidenced by the 479-519 FRET signal at Eser= 0.8 (Fig. 4F). After 3000 s, we added ATP to a final
concentration of 2 mM and observed an immediate and stable change in the FRET signal to Erer= 0.4 indicating
transition to the canonical state. These data reveal that the non-canonical conformation is not an irreversible
misfolded end point of the conformation landscape, but rather an entirely reversible state.

Subsequently, we tested the effect of G11a binding on the 479-519 reporter pair using 2 mM ATP and detected
a shift of the population to Erer = 0.8 (Fig. 4G). We deduced that the high FRET state observed in the absence of
the nanobody matches the opening of the S4 strand in the B-SS state captured with the G11a-NBD1 crystal.
However, analysis of the FRET vs. donor lifetime 2D plot showed that this population lies on the static FRET line
(Fig. 4G), indicating that binding of G11a stabilizes the opening of the S4 and restricts its dynamics.

The RI Confers Structural Plasticity on the subdomain

We performed the smFRET experiments with a ARI-2PT variant, where the whole regulatory insertion has been
removed (405-436, red in Fig. 4A-B), and observed only one population with Eger = 0.4, matching the expected
value for the canonical state (Fig. 4H).

To confirm that the Rl is driving plasticity of the S4 strand, we performed hydrogen deuterium exchange coupled
to mass spectrometry (HDX-MS), which identifies deuterium uptake of labile protons on backbone amides to
report solvent accessibility and conformational flexibility. In the presence of the Rl, we observed a rapid and
marked exchange of backbone amide hydrogens of the peptide 475-490, containing the S4 strand residues,
indicative of increased structural flexibility (2PT-NBD1, blue; Fig. 41). By contrast, when we performed these
measurements with a ARI-NBD1 variant, the uptake remained limited, even after 2 h of incubation, thus
confirming that Rl enables flexibility of the S4 strand (ARI-NBD1, black; Fig. 4l).

In the B-SS conformation the N-terminal S1 strand is disordered and no longer interacts with the S2 and S4
strands of the B-subdomain (Fig. 2B). To probe the conformational equilibrium of the S1 strand, we used the
390-519 reporter pair and performed the same experiments as above (Fig. S6). We observed two FRET states
that coexist and which can reliably be attributed to the canonical and B-SS conformations by using either a ARI
variant or the G11a nanobody, respectively. As observed with the 479-519 reporter pair, the equilibrium is
regulated by the presence of ATP and is reversible. HDX-MS also demonstrated that the dynamics of this region
is directly coupled to the presence of the Rl as we observed very limited exchange in the 392-399 peptide in ARI-
NBD1 compared to 2PT-NBD1 (Fig. S6l). These findings are in agreement with previous HDX studies which
identified the RI, the N-terminus and the S4 strand as fast-exchanging regions°.

We conclude that two conformations of the S4 and S1 segments can be distinguished by smFRET. One state
corresponds to the canonical conformation where both S1 and S4 segments are engaged in the canonical B-sheet.
The other state is promoted by depletion of ATP and matches predictions for the B-SS conformation observed
by crystallography with an unstructured S4 and a disordered S1 segment.

F508del Modulates the Conformational Equilibrium of NBD1

We then investigated the effects of the F508del mutation and other destabilizing factors on the conformational
equilibrium of NBD1. Using the 479-519 reporter pair as a proxy and keeping a saturating concentration of ATP
in the buffer, we observed that removing F508 did not affect the equilibrium at 22 °C (Fig. 5A and Table S4).
However, it is known that the effects of F508del are strongly temperature-dependent as demonstrated by robust
recovery of CFTR expression and function when cells expressing F508del-CFTR are grown below 30 °C*’. To test
whether increasing the temperature altered the relative equilibrium populations, we performed smFRET
measurements at 37 °C and observed a decrease in the canonical state of 2PT-479-519 when compared to the
same construct at 22 °C (Fig. 5A), indicating that the conformational equilibrium is temperature dependent.



When we probed the conformational equilibrium at 37 °C, we observed that removal of F508del led to a marked
decrease in the population of the canonical state (Fig. 5A), indicating that the CF-causing mutation modulates
the equilibrium in favour of a non-canonical state at physiological temperatures.

The 2PT-NBD1 construct used here contains 3 stabilizing substitutions: S492P, A534P and 1539T which reduce
the impact of F508del on the maturation of the full-length protein®. In human NBD1, Ser492 is a critical node in
the allosteric network propagating thermal fluctuations between the B-subdomain and the F508 loop region®.
To understand better the consequences of deleting F508, we analysed the impact of F508del on the PT-NBD1
construct (carrying only two stabilizing mutations: A534P and 1539T), bearing S492 as in wild-type human CFTR.
Using the 479-519 pair reporter, we observed a modest decrease in the population of the canonical state from
80% (2PT-NBD1) to 76% (PT-NBD1) at room temperature but a stronger decrease at 37 °C, from 69% to 58%
(Fig. 5A). Finally, when combining the destabilizing factors by measuring the equilibrium in a F508del-PT-NBD1
variant at 37 °C, we observed that less than 40% of the population remained in the canonical state, despite the

presence of 2 mM ATP (Fig. 5B). Fig.S7 details how each individual parameter gradually influences the
conformational equilibrium.

We conclude that conditions which reduce the effects of F508del on full-length CFTR protein (i.e. low
temperature or stabilizing mutations) favour the canonical state in our smFRET experiments. By contrast,
deletion of F508 decreases the canonical population, but only at permissive temperatures (i.e. 37 °C).
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Fig. 5 | The effects of F508del, temperature and S492P on the population of the canonical state.
A, Histograms of the population of the canonical states of the 479-519 reporter pair as calculated by PDAFit.
Values are shown for 2PT-NBD1 and PT-NBD1 (with S492) variants at 22 °C and 37 °C in the presence (‘F’) or

absence (‘AF’) of F508. Error bars indicate 95% confidence interval. B, Overlay of FRET efficiency histograms of
2PT-479-519 at 22 °C and F508del-PT-479-519 at 37 °C.

Unfolding of the -subdomain Occurs in Non-Canonical States of NBD1

We surmised that the conformational plasticity of the Rl and the B-subdomain plays a key role in the molecular
origin of NBD1 misfolding. As we observed that the presence of the Rl allows the dissociation of the S1 and S4
strands from the canonical B-sheet, we tracked domain unfolding by monitoring conformational changes in the
rest of the B-sheet, specifically strand S2. Motion of this region is relevant to pathogenesis as residue K447
located in the S2 strand (Fig. 6A) is SUMOylated in F508del-NBD1, but not in WT-NBD1?%, suggestive of increased
exposure in mutant CFTR. We monitored the conformations of the S2 strand in smFRET by labelling residues 442
and 519. Importantly, residue 447 (and 442) is not involved in the structural rearrangements that occur between
the canonical and [-SS states (Fig. 2B-C). At 22 °C, the smFRET signal of the 442-519 reporter pair in the context
of 2PT-NBD1 showed a major static population with Eer centred on 0.4 (Fig. 6B) which agrees with the expected
value based on either crystal structures (Table S3). In addition to this low FRET state, we observed a minor diffuse
population with Eger values above 0.5. This indicates the coexistence of conformations where residue 442
approaches residue 519, a cond