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Abstract

We have previously shown that the CBb subunit of crotoxin, a [3-neurotoxin with
phospholipase Az (PLA?) activity, targets the human AFS08CFTR chloride channel implicated
in cystic fibrosis (CF). By direct binding to the nucleotide binding domain 1 (NBD1) of
AF508CFTR, this neurotoxic PLA: acts as a potentiator increasing chloride channel current

and corrects the trafficking defect of misfolded AFSO8CFTR inside the cell.

Here, for a therapeutics development of new anti-cystic fibrosis agents, we use a
structure-based in silico approach to design peptides mimicking the CBb-AF508NBDI1
interface. Combining biophysical and electrophysiological methods, we identify several
peptides that interact with the AFS08NBD1 domain and reveal their effects as potentiators on
phosphorylated AF508CFTR. Moreover, protein-peptide interactions and electrophysiological
studies allowed us to identify key residues of AFS08NBD1 governing the interactions with the
novel potentiators. The designed peptides bind to the same region as CBb phospholipase Az
on AF508NBDI1 and potentiate chloride channel activity. Certain peptides also show an
additive effect towards the clinically approved VX-770 potentiator. The identified CF
therapeutics peptides represent a novel class of CFTR potentiators and illustrate a strategy

leading to reproducing the effect of specific protein-protein interactions.

Keywords: peptide design, protein-protein interaction, chloride channel potentiator,

cystic fibrosis therapeutics peptides, phospholipase Az



Abbreviations

AlRs:

CF:

CFTR:

ambiguous interaction restraints

cystic fibrosis

cystic fibrosis transmembrane conductance regulator

AF508CFTR: the deletion of Phe508 in CFTR

CBb:

cryoEM:

IBMX:

ICL:

KpPP

MSD:

NBD:

R domain:

TMD:

aPC:

RU:

STD:

PLA:

SPR:

isoforms of the basic subunit of crotoxin ([3-neurotoxin from Crotalus durissus

terrificus venom, made of CA and CB subunits)

cryo-electron microscopy

3-isobutyl-1-methylxanthine

intracellular loop

apparent dissociation constant

membrane spanning domain

nucleotide binding domain

regulatory domain

transmembrane domain

automated patch clamp

resonance units

saturation transfer difference

phospholipase A2 enzyme (EC 3. 1. 1. 4)

surface plasmon resonance



Introduction

Cystic fibrosis (CF) is an inherited, multiorgan, life-shortening human disease with an
autosomal recessive transmission. The CF Transmembrane Conductance Regulator (CFTR)
gene was first identified in 1989 [1] in which more than 2000 genetic sequence variations
have been identified, and near 400 correlating with CF pathophysiology [1-5].

These mutations mostly impact the structural integrity and function of the encoded
CFTR protein, as well as its expression in epithelial cells [6]. Generally, mutations have a
frequency of onset close to 0.1%, with a few exceptions such as the deletion three base-pairs
of nucleotides encoding phenylalanine at position 508 (AF508) of the CFTR protein, which is
by far the most common mutation expressed in CF patients with a frequency of 70% [7].
Dysfunction of CFTR caused by mutations has an impact on the regulation of fluid transport,
resulting in chronic and progressive failure of several organs until death which occurs mainly
as a result of respiratory, pancreatic or hepatic failure [6,8,9].

CFTR, a 1480-amino acid residue protein, belongs to the superfamily of ATP-Binding
Cassette (ABC) transporters [1] and is the only member known to function as an ion channel
[10]. It enables plasma membrane crossing of chloride and bicarbonate ions [11-13].

The 3D structure of the full-length CFTR protein was recently solved by cryo-electron
microscopy (cryoEM) [14,15]. The structure shows that CFTR consists of two transmembrane
domains (TMDs) forming a pore, two nucleotide binding domains (NBDs) controlling
channel opening by ATP binding, and a single regulatory (R) domain [16] that plays an
important role in CFTR activity regulation. Phosphorylation of the latter R domain by the
cyclic AMP-dependent protein kinase A (PKA) is indeed crucial for channel gating [17,18].

The most severe mutations affect (I) protein synthesis (e.g. premature termination
codons), (IT) protein folding (e.g. AF508), and (III) channel gating (e.g. G551D). The deletion

of F508 (AF508) in the NBD1 domain leads to defective folding, trafficking, and channel



gating at the plasma membrane. Only 1% of mutated CFTR (AF508CFTR) proteins reach the
plasma membrane leading to significantly reduced chloride conductance [19].

Since the first discovery of the relationship between mutations in the CFTR gene and
CF disease phenotypes, there has been an incessant endeavor to develop pharmacological
approaches to correct the dysfunctions of the mutated CFTR protein [20]. Modulators that
increase the open probability (P,) of the CFTR channel are referred to as potentiators [21,22].
These molecules exert a potentiating effect on the activity of the CFTR channel by modifying
the opening and closing cycle of the channel and therefore increasing the chloride ion current
passing through the plasma membrane. In recent years, the development of the potentiator
VX-770 (ivacaftor, Kalydeco®) [23] constituted an important breakthrough in the treatment of
CF patients carrying mutations affecting channel gating [24]. Nowadays, around 5% of CF
patients are treated with Kalydeco®. Potentiators are also used in association with CFTR
correctors, i.e. molecules favoring the proper folding of AFSO8CFTR [25]. These molecules
enhance maturation leading to higher levels of the channel at the cell surface.

While combinations of VX-770 with correctors such as VX-809 (Orkambi®) [26,27]
or VX-661 (Symdeko®) [28,29] showed only modest clinical effects, the recently described
triple combination VX-661/VX-445/VX-770 (Trikafta®) led to significant clinical benefits
[30]. These results revealed that mutated CFTR could be targeted using a combination of
small molecules, each alleviating a specific defect. Novel potentiators [31] or potentiators
showing additive effects with VX-770 [32,33] are currently being developed to enhance the
rescue of channels carrying gating mutations. Correctors with higher affinity [34] or novel
corrector combinations and the addition of amplifiers to enhance protein expression are also

in development (AbbVie, Proteostasis Therapeutics).

We recently showed that the CB subunit of crotoxin (CBb), a neurotoxin from

Crotalus durissus terrificus venom [35], is a high-affinity binder of CFTR and AFSO8CFTR



[36]. CBbD interacts with the nucleotide binding domain 1 (NBD1) of CFTR with nanomolar
affinity, exhibiting both potentiation of chloride channel current of CFTR at the surface of
epithelial cells and correction of misfolded AFSO8CFTR inside the cell [36]. We elaborated a
structural model of the CBb-AF508CFTR complex by molecular modeling and validated it
using biophysical methods, giving insights into the underlying mechanism by which CBb
favors trafficking and activity of the abnormally folded CFTR channel [36].

The potentiating and correcting effects of CBb on AF508CFTR provide an original
perspective to develop new molecules that could improve the two major defects associated
with the AF508 mutation. CB (as well as its 4 natural isoforms CBaz, CBb, CBc, CBd) is a
neurotoxic phospholipase Az with seven disulfide bonds [37,38]. Its neurotoxicity, added to
the difficulties of its expression, make it unsuitable for clinical or industrial use.

In this work, we hypothesized that an alternative to the use of CBb for therapeutics
development was the design and use of peptides derived from CBb. The previously identified
interaction interface of CBb with AFSOSNBD1 was used as a template for the development of
new anti-CF agents. In this endeavor, we sought to identify the minimal region(s) of CBb
associated with AF508CFTR potentiation, designed in silico several CBb-based peptides, and
evaluated the peptides using biophysical and functional electrophysiology assays (manual and
automated patch-clamp experiments).

Our results identified ten CBb-derived peptides that target AFSOSNBD1 and revealed
their effects as potentiators on phosphorylated AFSO8CFTR. Moreover, we identified by
NMR crucial residues of the peptides for AFSOSNBD1 binding, and together with an in silico
approach, supported by mutational experiments, established the region of AFS08NBDI1
governing the interactions with novel potentiators. These CBb-derived peptides appear as
excellent starting candidates mimicking the CBb potentiating activity of AFSO8CFTR, and we

hope open a novel and promising strategy for future CF treatment.



Results

For the rational development of new anti-CF agents, we followed a template-based
modeling approach to propose peptides that mimic the CBb interface interacting with
AF508NBDI1 as defined by Faure et al. [36]. We designed three series of peptides: peptides
derived from different continuous CBb interacting regions (Series I); peptides from different
continuous CBb regions linked by a disulfide bridge (Series II), and de novo peptides
designed to adopt a structure enabling the positioning of key residues implicated in the CBb-

AF508NBDI1 interactions (Series III).

Series 1 AFSO8NBDI1 peptide ligands were designed by in silico analysis of the
previously proposed CBb-AF508NBD1 complex model (Figure 1a) using the COCOMAPS
(bioCOmplexesCOntact MAPS) server [39] to identify protein-protein contacts, based on
distance criteria (Figures 1b and S1). On the basis of the contact map with a cut-off distance
set to 8 A, three continuous sequence fragments of CBb were selected as initial fragments of
peptide templates: (A) 1-HLLQFNKMIKFETRKN-16, (B) 16-

NAVPFYAFYGCYCGWGGQ-33, and (C)105-NGYMFYPDS-113 (Figure 1c¢).

Templates A and C Series 1 peptides with different lengths and positions were studied
to identify the shortest peptides able to bind to mutated NBD1 and potentiate the AFSO8CFTR
channel. We evaluated the following peptides: A (I-HLLQFNKMIKFETRKN-16), A1 (1-
HLLQFNKMIK-10), A2 (1-HLLQFNK-7) and C (105- NGYMFYPDS-113), C1 (107-
YMFYPDSR-114), C2 (108-MFYPDSR-114) (Figure 1c¢). In the case of template B, which
consists mainly of hydrophobic residues, we tested the original sequence B (16-
NAVPFYAFYGCYCGWGGQ-33), and modified sequences designed to improve water

solubility. The modifications were introduced on residues that do not interact with NBD1 in



the complex model:Y27D for peptide B1, Y27S for peptide B2, as well as Y21S, Y24S and
C28S, for both peptides (Figure 1c¢). As negative controls in biological assays, we considered
scrambled peptides with permutations of the original sequence of peptides A2 (A2

FKHLLNQ) and C (Cser: PSYDFNYMG).

Binding of peptides A2, B and C was evaluated by surface plasmon resonance (SPR),
performed with recombinant human AF508NBD1 covalently attached to a CM-5 sensor chip.
As shown in Figure 2, peptides A2, B and C directly interacted with immobilized
AF508NBDI1. The kinetic parameters of these interactions were determined by fitting the
experimental association and dissociation curves to a 1/1 Langmuir binding model. The
resulting apparent dissociation constants (Kp*P) were 26 + 3 uM for peptide A2, 53 + 9 uM
for peptide B and 49 + 6 uM for peptide C. The interaction, with peptide A2 and C appears to
be specific and depends on the sequence rather than solely on the physicochemical
characteristics of the peptides (hydrophobicity, charge), since control scrambled peptides
containing a randomized sequence comprising the amino acid residues of A2 (A2
FKHLLNQ) and C (Cser: PSYDFENYMG) did not bind to AF508NBD1 (Figure 2 and S2). As
peptides A2, B and C directly bind to AFS08NBD1, we hypothesized that Series I peptides

could also modulate AFSO8CFTR CI channel activity.

In order to test large sets of newly synthetized peptides, the use of the electrophysiological
automated patch-clamp (aPC) system QPatch (Sophion Biosciences) was a breakthrough

combining high throughput and data robustness. This fully automated platform replicates the



sequence of events involved in manual patch-clamp. The required steps are cell positioning,
cell sealing, cell clamping, and cell recording. The QPatch is an electrophysiological plate-
based assay which allows to record up to 48 channels/cells in parallel in the whole-cell
configuration. During this process, the cells are bathing in the external buffer, and following
rupture of the plasma membrane the intracellular buffer, placed under the plate, fills the cells.
Using this technique, Series I peptides were evaluated (Tables 1 and S1). As the intracellular
buffer cannot be changed during the experiment, and peptides were designed to bind to the
intracellular AFSOSNBD1 domain, these had to be added to the intracellular solution. Hence,
this QPatch protocol focused on the potentiating power of peptides without taking into
consideration the cell penetrating potential of the peptides (see Materials and Methods). CBb
was used as a reference (Figure 3a). In the presence of a forskolin-IBMX cocktail that
activates the CFTR channel via PKA kinase, CBb exerted a potentiating effect on the activity
of AFS508CFTR at 1 and 10 nM. Under these conditions, CBb exhibited also an additive effect
relative to the potentiator compound VX-770 (Figure 3a).
As shown in Table 1 and Figure 3b, peptides A2 and B at 50 uM concentration exhibited a
potentiating effect on the phosphorylated channel, without additivity to VX-770. Peptides C
and C2 exerted a potentiating effect on the phosphorylated AFSOSCFTR channel at 5 uM as
well as an additive effect to VX-770 at 50 uM, similarly to CBb (Figure 3a, Table 1).
Peptides A (50 uM) and C1 (5 uM) were active only in the presence of VX-770 ( Table 1).
Peptides A1, B1 and B2 as well as control peptides A2 and Cs.r were found to be inactive
(Table S1).

The activity of peptides A2, B and C was also tested by whole-cell manual patch-
clamp. Peptides were applied from the outside on HeLLa or HEK293 cells stably expressing
AF508CFTR.. To enable AFSO8CFTR cell surface expression, cells were pre-treated 24h with

corrector c407 (10 uM) as previously performed for CBb [36] and illustrated on Figure S3A.



Patch-clamp recordings showed that under these conditions, peptides A2 and C were not
active (Figure S3A), while peptide B potentiated AF508CFTR (Figure 4a-c and Table S2).
The lack of activity of the hydrophilic peptides A2 and C, in apparent contrast with QPatch
results, could be due to an internalization problem, as it is known that hydrophilic peptides
generally cannot cross the membrane. We thus performed internalization experiments of
FITC-labeled peptide C, either “naked” or with liposomes to facilitate membrane
translocation. As the results clearly indicated that liposomes were required for efficient
internalization of this hydrophilic peptide into HeLa cells (Figure S3B), we repeated the
patch-clamp experiment with peptides A2 and C coated with liposomes. In the presence of
liposomes, both peptides showed a significant potentiating effect (Figure 4a-c and Table S2),
consistent with QPatch experiments. The application of liposomes alone had no effect on
CFTR current (Figure S3A). The A2+C combination (1 uM each) was found to potentiate
AF508CFTR current (Figure 4a-c and Table S2), but without increasing the potentiating

effect of either A2 or C alone.

To verify whether covering a larger part of the interaction interface could improve the
potentiating activity of peptides, we decided to design peptides (Series II, named N)
composed of a fragment of peptide C2 (extended by a cysteine at position 115) and different
fragments of template B (Figure S5) connected by a disulfide bridge, which naturally occurs in
the CBb protein between C26 and C115 [35]. The peptides N1 (22-AFYGC-26 + 109-
FYPDSRC-115), N2 (26-CYSGWGGQ-33 + 109-FYPDSRC-115) and N3 (16-
NAVPFSAFSGCDSGWGGQ-33+ 108-MFYPDSRC-115) were synthesized and tested by

QPatch. Whereas, peptides N1 and N2 had no influence on AF508CFTR channel activity



(Table S1), peptide N3 acted as a potentiator of the phosphorylated channel and displayed
additivity with VX-770 (Figure 6 and Table 1). Interestingly, within Series II, the only active
peptide (N3) contains three aromatic residues: F23, W30 and F109 (Figure 5), which in the
complex model are located on the central part of the CBb interface (Figure 7a). This
observation suggested that these residues could be important for the interactions with

AF508NBD1 and might be responsible for the potentiating activity of the peptides.

We noticed that the spatial arrangement of F109, F23 and W30 corresponds with an
arrangement of n, n+4 and n+8 residues in an a-helix (Figure 7b-d). We hence hypothesized
that peptides with an a-helical structure containing the motif FxxxFxxxW may mimic the
central part of the CBb interface, interact with AFS08NBDI1 and potentiate its activity. To test
this hypothesis, we searched the motif FxxxFxxxW in the PDB database using PROSITE
(https://prosite.expasy.org/), extracted the atomic coordinates of a-helical regions containing
the motif and superimposed the peptide structures on the CBb-AFS08NBD1 complex model
using CBb residues F109, F23 and W30 as reference. After visual assessment, ten sequences
were selected (Series III peptides, named M), synthesized and subjected to experimental
evaluation (Tables 1, S1 and S3). Additional mutations were introduced to some of the
selected sequences to increase their solubility. Automated patch-clamp experiments showed
that peptides M2, M3 and M10 were able to mimic CBb acting as potentiators and also
displaying additive effects with VX-770 (Tables 1, S1 and Figure 8). Finally, we compared

all active peptides from the three Series with CBb and evaluated their activities by statistical

10



analysis (ANOVA). The Series III peptides M2, M3 and M10 were found to be the most

active, with comparable potentiating and additive effects (Figures S4A and S4B).

In order to establish the importance of the peptide residues for the interaction, we determined
the atoms of Series III peptides that are in close contact with AFSO8NBD1 using 'H-detected
ligand-observed NMR STD (saturation transfer difference) experiments. We focused on M10,
which exhibited the best potentiating and additive effects across the three Series and selected
peptide M4 as a control, as it did not display any functional effect in electrophysiology assays
but contains the FxxxFxxxW motif (Figures S4A and S4B, Tables S1 and S3). In STD
experiments, only the signals of the peptide atoms in close contact with the protein are
observed. As both peptides M4 and M10 showed residual STD signals in control experiments
in the absence of the protein, we corrected the STD (cSTD) values using the difference
between the STD values in the presence and absence of AFSOSNBDI1 (see Materials and
Methods for details). The peptide resonances were assigned to their corresponding 'H atoms
using standard procedures (Tables S4 and S5). Interestingly, although M10 is active and M4
is inactive, both peptides were found to interact with the NDB1 domain. As can be observed
in Figure 9a, which displays the aromatic (~6.5-8 ppm) and amide (~8.6-8.0 ppm) 'H region
of the reference (black) and cSTD spectra (blue), most of the aromatic protons and only a few
of the amide protons of peptides M4 and M10 show a cSTD signal, indicating that the
aromatic rings of both peptides are involved in the interaction with AF508NBDI1. The
determined values of ¢STD are reported in Table S6 and schematized with color coded
spheres on the chemical structure of the peptides in Figure 9b. Of note, the intensity of the

c¢STD signal depends on the distance to the protein atoms, the number of protein atoms in
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contact and the residence time within the complex. Its magnitude can thus be compared for
different atoms within a ligand but is difficult to compare quantitatively for different ligands
with different residence times without knowing the structure of the complex. Several features
can be inferred from the cSTD of both peptides: (I) the aromatics rings of F and W residues in
the FxxxFxxxW motif are important for the interaction, in agreement with the peptide design
hypothesis, (II) the C-terminal W residue shows the highest number of contacts and very high
c¢STD values, indicating its crucial role, (III) except K3 in peptide M4, positively charged
residues are important, while (IV) negatively charged residues and small polar (N, S, T) or
non-polar (A) do not interact, (V) additional F aromatic rings establish contacts with the

protein, and (VI) both peptides make extensive contacts with AFSOSNBDI.

To test the validity of the model at the origin of the peptide design, pinpoint the peptide
binding site and establish the importance of aromatic amino acid residues of NBD1 suggested
by the CBb-AFS08NBD1 complex model, in particular Y625, F626, Y627 (see Figure 1a,
bottom left panel), we mutated these residues into alanine, alone and in combination with
AF508. The effect of these mutations was first evaluated on CFTR maturation itself in
transiently transfected HEK293 cells. Western blot analysis of WT-CFTR showed a normal
maturation profile i.e. two bands, a mature fully-glycosylated CFTR band at 170 kDa (band
C), and a core-glycosylated CFTR band at 150 kDa (band B). Single point mutations F626A
and Y627A disrupted proper CFTR maturation, while Y625A did not (Figure SS5A).

To evaluate the implication of Y625 in peptide binding, we performed manual whole-cell
patch-clamp with the AF508 and AF508-Y625A CFTR mutants in transiently transfected
HEK?293 cells. We chose to work with the peptide M2 (in the presence of liposomes to favor
internalization) — as this peptide showed an activity (Figure 8). To enable expression of

mutant proteins at the cell surface, cells were corrected at 27°C for 4-16h prior to patch-clamp

12



experiments. The results confirmed a significant potentiating effect on AF508CFTR of
peptide M2, whereas the double mutant AF508-Y625A CFTR was resistant to M2
potentiation (Figure 10, Table S7), indicating that mutation of this single residue Y625 was
sufficient to prevent potentiation. Of note, similar potentiation was achieved with VX-770
using mutants G551D CFTR and G551D-Y625A CFTR, indicating that Y625A did not
prevent channel potentiation (Figure SS5B). These results indicate that the aromatic cluster of
AF508NBDI1 implicated in the interaction with peptides according to the complex model is
important for both channel folding (F626, Y627) and potentiation (Y625) by peptide M2.
These results are also consistent with data from NMR c¢STD experiments which highlighted
the importance of the hydrophobic, aromatic peptide residues (in the motif FxxxFxxxW) for
the interaction of series III peptides with AF508NBDI1, which suggests binding to the
hydrophobic region of the protein. Together, these findings support that peptide M2 binds to
the region predicted by the CBb-AF5080NBD1 structural model and highlight the importance

of residue Y625 for the direct interaction with the M series peptides.

To predict the possible binding mode of M series peptides, we performed molecular docking
simulations between AF508NBD1 and peptide M 10, the best potentiator from Series III, using
the docking software HADDOCK (High Ambiguity-Driven protein-protein DOCKing)
[40,41]. HADDOCK is a flexible docking approach that includes constraints from predicted
or identified protein interfaces with ambiguous interaction restraints (AIRs) to drive the
docking procedure. As our model of CBb and AF508NBD1 complex structure [36] was in
agreement with experimental HDX-MS (Hydrogen-Deuterium eXchange followed by Mass
Spectrometry) data [36], and Y625 was proven to be important for M2 potentiation, we

assumed that the interaction interface of AFS08NBD1 with peptide M 10 should reside on the

13



same surface observed for CBb. Thus, AIRs defined as “passive” were adopted from the CBb-
AF508NBD1 model and Y625 was defined as an “active” residue. Peptide M10 was modelled
as an O-helix. The AIRs for peptide M10 were based on experimental NMR data: residues
defined as “strong” or “very strong” on the basis of ¢cSTD values were defined as “active”,
whereas all other peptide residues were defined as “passive” (Figure 9b). The results for the
best cluster (20 structures out of 99 final water-refined structures) are reported in Table S8
and the corresponding representative structure of the M10-AFS08NBD1 complex is shown on
Figure 11. The model is fully consistent with NMR data where (i) all three hydrophobic
residues of motif FxxxFxxxW from peptide M10 are involved in the interactions with
AF508NBDI1, the peptide residues F1 and F5 create hydrophobic interactions with Y625,
F669 of AFSOSNBD1, whereas W9, which was shown by NMR as crucial for interaction, is in
proximity to residues F626 and Y627 of the protein. (ii) The positively charged R2 seems to
be important as its side chain may create an ionic interaction with E621, be a hydrogen bond
donor to Y625 (side chain-side chain interaction) or to F669 (main chain-main chain
interaction), while (iii) all negatively charged peptide residues do not interact with the protein.

However, E6 could stabilize the orientation of R2 to interact with E621.

Discussion

The treatment of CF patients has significantly improved with the identification of
CFTR modulators, small molecules that bind directly to the protein, either promoting its
proper folding (correctors) or enhancing chloride channel activity (potentiators). As these
compounds were identified using high-throughput screens [42-44], their specific binding sites

and mechanism of action were not precisely determined until recently.
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The CFTR correctors VX-809 (or its derivative VX-661) and VX-445 were shown to
bind to the Membrane-Spanning Domain 1 (MSD1) and to Nucleotide Binding Domain 1
(NBD1) [45-49], while potentiator VX-770 was shown to bind to MSD1 [50]. Although
small molecules have been developed for nearly two decades, the peptide-based approach is
quite novel in the field [51], in particular for peptides that may directly bind to AFS08CFTR
and act as modulators (potentiators/correctors). Until recently, only the Esc peptides had been
identified as direct binders of AF508CFTR, and their ability to potentiate CFTR related
current was reported by Ferrera and co-workers [52].

The strategy developed in this study differs from previous methods and is based on a
structure-template-based modeling approach to design peptides that mimic the CBb-binding
interface with AFSOSNBD1. With this methodology, we identified ten peptides with a
potentiating effect on AF508CFTR channel chloride current: peptides A, A2, B, C, C1, C2
(Series I); peptide N3 (Series II) and peptides M2, M3, M10 (Series III). The peptides with a
hydrophobic FxxxFxxxW motif (Series III) appeared as the most active potentiators and open
an original approach to develop short peptide-based modulators of AF508CFTR. Moreover,
this strategy could be extended and applied to other systems for which the structures of the
binding partners are available.

The key residues of the peptide M10 involved in AFSO8NBD1 binding were identified
experimentally identified, their importance was determined by NMR, and were further
utilized as constraints to propose a M10-AFS08NBD1 complex structural model by molecular
docking. Intriguingly, all the proposed peptides in Series III contain the hydrophobic motif,
but only three of them are active as AFSO8CFTR potentiators. This could be, at least in part,
related to different helical propensities and entropic penalties of the ordering of disordered
peptides in solution to adopt an a-helical structure upon AFSO8CFTR binding. Such entropic

penalties could be significantly overcome by preparing stapled peptides to stabilize a-helical
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structures of the M series peptides and enhance their activity, which is now under
investigation.

The electrophysiology experiments performed with the AF508-Y625ACFTR mutant
supported our in silico findings that the protein residue Y625 may be crucial for M series
peptides’ binding. Indeed, the double mutated protein AF508-Y625ACFTR is resistant to
potentiation by peptide M2, contrary to AF508-CFTR. This strongly suggests that Y625,
together with other aromatic residues (F626, Y627) located nearby on the surface of NBD1, is
involved in hydrophobic interactions with peptides from Series III that lead to their
potentiating activity.

As both CBb and the identified potentiating peptides target AFSO8NBDI1, we can
postulate that potentiation occurs by favoring or stabilizing NBD1 dimerization. Other known
CFTR potentiators enhance channel activity by favoring or stabilizing NBD dimerization,
such as ATP analogues [53-59], genistein [60—62] and SBCs [63]. This is consistent with the
additivity observed between several peptides and VX-770, indicative of distinct mechanisms
of action. Enhanced channel potentiation could be of great interest to treat CF patients
presenting suboptimal responses to VX-770 [33,64].

While the mechanism of action of these peptides needs further investigation, it is
interesting to note that amino acids at the CBb-NBDI1 binding interface, such as Y625 and
Y627, can potentially be targeted by the tyrosine kinases Src and Pyk2, which were shown to
activate CFTR [65]. This region therefore appears to be important in both the activation and
potentiation of CFTR.

The strategy developed herein could also be applicable to other CFTR interacting
partners and different regions of the chloride channel, such as the N-terminal loop of CFTR
which interacts with WNKI. This protein-protein interaction was shown to modulate channel

permeability independently of WINKI1 kinase activity [66]. The developed strategy enabling
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the design of peptides, as described here, could lead to discover new CFTR modulators

favoring conformational changes affecting channel opening or selectivity.

Materials and Methods

AF508NBD1 was purified as described elsewhere [67]. Peptides (>95% purity) were
produced and supplied in lyophilized form by ProteoGenix (Schiltigheim, France). Peptides
were dissolved in milliQ water or in 100% acetonitrile and gradually diluted with milliQ
water (depending on the degree of hydrophobicity) and stored at -20 °C. Upon dissolution, an
amino acid composition analysis was systematically carried out in order to determine the

concentration of the peptides in solution (Chemistry of Biomolecules Unit, Institut Pasteur).

Peptides- Series I (A, B, C) and II (N)

The model of the CB-AFSOSNBD1 complex was built and described previously [36]. The
protein-protein interaction interface was defined according to the method implemented in the
bioCOmplexesCOntact MAPS server (COCOMAPS: https://www.molnac.unisa.it/Bio-
Tools/cocomaps/) [39]. The analysis of the protein-protein interfaces and selection of CBb
fragments potentially suitable for modulator peptides were done on the basis of intermolecular
contact maps created by COCOMAPS (the cut-off distance was set to 8 A) and by visual
inspection of the CBb-AFS08NBD1 complex structure. Structure visualization, analysis and
structural figures were done using PyMOL (Version 2.3.0, Schrédinger, LLC, New York,

USA).

Peptides- Series 111 (M)
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The PDB database (https://www.rcsb.org) [68] was scanned against the sequence motif
“FxxxFxxxW” using the ScanProsite tool [69]. Hit structures were filtered by in-house python
scripts to select for analysis only “FxxxFxxxW” motifs localized on a-helical structures. The
selected protein fragments were superimposed (Ca atoms) with PyMOL to F23, W30, and
F109 of CBb in the CBb-AF508NBD1 complex. After this procedure, the CB structure was
removed and potential complexes of peptides-AF508NBD1 were analyzed by visual

inspection.

The a-helical structure of peptide M10 was extracted from the PDB structure (PDB ID:
6PSY), which had been previously selected by a Prosite search (see previous paragraph).
Changes to the original sequence (491-FFKDFLTFW-499) were introduced in PyMOL. The
AF508NBDI1 structure (1XMJ) for peptide docking was derived from the complex CBb-
AF508NBD1 model prepared previously [36]. The peptide M10 was docked on the
HADDOCK?2.4 web server, with the standard procedure, and optimized for peptide docking

[40,70,71].

HelLa cells stably expressing AFSO8CFTR [72] or transiently transfected HEK293 cells were
seeded in 35-mm diameter petri dishes before being mounted on an inverted microscope. Cell
lines used were: HEK293 AF508 for peptides A and M2. HeLLa AF508 for peptides B, C and
A2+C. Correction was obtained either by a pharmacological chaperone (1 uM c407) for
peptides C or (A2+C), or by low temperature (27°C) for peptides A2 and B.

The patch-clamp experiments and whole-cell patch recordings were performed as previously
described [73] and [36]. Briefly, AFSO8CFTR correction was achieved using corrector c407

(1 uM, 24h), or low temperature incubation (27°C, 16h). Potentiating effects were
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independent of the correction method used. Whole cell patch-clamp recordings were
performed at room temperature with an Axopatch 200B amplifier controlled by a computer
via a Digidata 1550B interface (Axon Instruments, USA). The pipettes were drawn from
borosilicated glass (Kimax 51) using a Sutter P-87 micropipette puller and the tips were flame
polished. Recordings were made using the whole-cell patch-clamp configuration after
perforating the membrane with nystatin. The stock of nystatin (N6261, Sigma) (50 mg/mL)
was prepared daily in DMSO and the stock solution diluted (1:250) with the internal solution,
sonicated for 1 min and 0.22 pum filtered (2.15 uM). The internal solution contained (in mM):
131 NaCl, 2 MgCl, and 10 HEPES-Na (pH 7.3), while the external solution contained (in
mM): 150 NaCl, 1 CaClp, 1 MgCl,, 35 sucrose and 10 HEPES-Na (pH 7.3). The currents
were recorded by applying a steady potential jump of -60 mV for 1 s, with a holding potential
of 0 mV and an interval of 3 s. To establish the current-voltage curves (I-V curve), a series of
9 potential jumps between —100 and +80 mV, of a duration of 1 s each, is carried out. The
CFTR current is activated using 400 uM of cyclic 8-(4-chlorophenylthio-)AMP (CPT-AMPc,
Sigma) and 100 pM of 3-isobutyl-1-methylxanthine (IBMX, Sigma).

When maximum stimulation is reached, a solution additionally containing 1 uM CBb-derived
peptide is added to test the potentiation of the CFTR current. When this second maximum
stimulation is reached, a solution additionally containing 5 uM of inhi72 (a CFTR inhibitor)
and 20 uM glibenclamide is added to ensure the specificity of the current measured. CFTR
currents are defined as the difference of the current recorded during maximal stimulation by
the CPT-AMPc cocktail (or peptide cocktail) and the current measured after inhibition with
the inhibitor cocktail. Data were analyzed using the nonparametric (paired samples) Sign test
between cAMP-activated CFTR current and peptide-potentiated CFTR current. Significant

potentiation by peptides was established if p <0.05. The nonparametric (independent samples)
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Mann-Whitney test was performed to compare two peptide treatments. A peptide treatment is

defined to be significantly better if p <0.05 for the CFTR current increase.

Lipofection

One to 5 nmol of peptide corresponding to 50 ul of 20 uM PBS-diluted peptide (1/250 ul of
stock-solution at 5 mM) were mixed with 5ul of dried Pierce liposomes (film resuspended in
250 pl of methanol before aliquoting and drying), according to supplier’s instructions
(Pierce™ Protein Transfection Reagent, ThermoFisher). After 5 minutes of incubation, the
final volume was brought to 500 ul with serum free medium (Optimem). Cells (70%
confluency on cover slips) were washed with Optimem and the complex of peptides and
liposomes was directly applied onto cells. Cells were incubated in a 5% CO: incubator at
37°C for times ranging from 15 minutes to 24 h. Cells were then rinsed with PBS, fixed with
4% paraformaldehyde for 15 minutes and rinsed with PBS. Cover slips were transferred on
microscope slides mounted in Vectashield medium with Dapi, and covered with a new cover
slip.

Confocal microscopy

Image acquisition was performed on a Leica TCS SP5S AOBS confocal microscope (63x/1.4

oil objective). Figures were created with an ImageJ plugins Figure] [74].

Cell culture

A stable FRT cell line expressing AFSO8CFTR (Sanofi Genzyme, Framingham, US) was used
to conduct these experiments. Cells were cultured at 37°C in F-12 modified Coon’s medium
(FO855-BC from Merck) supplemented with 10% FBS (Life Technologies), Zeocin 400
ug/mL (Invivogen) and 1% L-glutamine (Gibco) in T75 flasks. For the AF508CFTR

correction step, FRT cells were incubated with VX-809 (3 uM) 24 to 48h. Reaching a very
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light confluence rate after 3-4 days (about 30-40%) has been chosen in our protocols to ensure
the best rate of tested cells in APP protocols. Cells are detached with trypsin 1X ImL for 5
minutes (Sigma) after being washed with PBS (Gibco™). Trypsin activity is stopped by one
wash with Coon’s medium and then two washes with specific culture medium without serum
(EX-CELL® CD CHO Serum-Free Medium, ref.14361C, Merck).

Solutions and chemicals

Experiments were done with equal chloride concentrations in intra and extracellular buffers.
Extracellular solution contains (in mM) NaCl 150, KCI 4, CaCl, 2, MgCl, 1, HEPES 10 (pH
= 7.4, 320 mOsmol/kg) and intracellular solution contains (in mM) KCI 120, NaCl 5,CaCl: 5,
MgCl; 1.75, EGTA 10, HEPES 10 and MgATP 4 (added just before use) (pH = 7.2, 290
mOsmol/Kg) (all chemical entities were purchased from Sigma). Slight modifications of the
main ion entity allow us to adjust the osmolarity. Compound powders of inhi72 (Sigma,
C2992), glibenclamide (Sigma, G0639), forskolin (Sigma, F6886), IBMX (Sigma, 15879) and
VX-770 (from Biovision, Sigma, CalbioChem ref. 5305410001) are solubilized in DMSO
(Sigma) and stocked at -20°C until thawing and dilution in extracellular solution just before
use.

aPC experiments and results analysis

Electrophysiological screening tests were performed on a QPatch platform (Sophion
Bioscience) using single- and multi-hole QPlates. CBb and peptide candidates must exert
their biological activities by their ability to bind to the AFSOSNBD1 domain, which is located
in the intracellular side of the cell. This property implies an exchange of the intracellular
medium used by QPatch during the experiment without and with CBb and peptides during
sealing/control whole-cell recording and compound addition steps, respectively. This is not
feasible according to QPatch routine protocols, where tested molecules are usually directly

applied in the extracellular medium. To adapt the protocols it was therefore needed to this
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unconventional experimental needs: peptides being active on the intracellular side, each
pipette had to be independent of each other. Hence, a pipette had to dispense intracellular
fluid with a given peptide concentration on the QPlate (therefore a pipette of the QPatch
dispenses defined intracellular medium for six tested cells). Boats were also adapted in the
aim of having a maximum of eight intracellular buffers containing two concentrations of
peptides to be tested per QPlate. Once these different intracellular solutions had been
dispensed, extracellular solution with the appropriate cell density was applied to obtain
successful seal and whole-cell steps. Then, phosphorylation of AFSOSCFTR channels was
achieved by  application of a  cocktail of activators (e.g.  forskolin
1 uM + IBMX 100 uM). The next solution to be applied was the same cocktail of activators
with addition of 10 uM VX-770, which is the reference for potentiation of AF508CFTR.
Finally, at the end of each cell recording, a mix of reference blockers (10 uM inhi72 + 100 uM
glibenclamide) was applied to fully block the elicited currents and validate the specificity of
the AF508CFTR recordings. From a holding potential of - 50 mV, currents were elicited using
2600 seconds voltage ramp protocols ranging from - 100 to + 100 mV. Current amplitudes
were recorded at -80 and +80 mV. For each compound application, the last 20 recordings
were used for the online analysis performed by the Analyzer Software (Sophion). All raw
data, as well as the four steps of the assay, are illustrated in Figure S6. Data were first
normalized using cell capacitance and then used to identify cells that deviated from the
general trend. Indeed, cells which exhibited any of the following characteristics were
discarded from the analysis process: insufficient resistance after obtaining the whole cell
configuration (R < 200 MOhm), Rserie > 10 MOhm, incomplete inhibition by reference
compounds (< 50%), the capacitance < 10 pF or > 17 pF, data are illustrated by Tuckey boxes

(Figure S6). Statistical analysis of variances were carried out using the standard Anova or
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Anova type according to the results of the normality and Levene’s tests carried out upstream

(Everst@t 6.1.0, Sanofi).

SPR experiments were performed at 20 °C using a Biacore 2000 system (Biacore AB, Cytiva
Lifesciences). Recombinant AFSOSNBD1 was covalently coupled via primary amino groups
on a CMS5 sensor chip, as described (Faure et al, 2016).The carboxymethylated dextran
matrix was activated with 35 pl of an EDC/NHS (1/1) mixture. Ten pl of AFSOSNBDI at a
concentration of 20-40 pg/mL in 10 mM sodium acetate, pH 4.5 with 2 mM MgATP and 2
mM DTT were injected (to reach an amount of immobilized protein in the range 8k to 13k
RU) and unreacted groups were blocked with 35 pl of ethanolamine (pH 8.5). The running
buffer for the immobilization protocol was HBS-P (Cytiva Lifesciences), supplemented with
1 mM DTT and a flow rate for immobilization of SuL/min. A separate flow channel on the
same sensor chip, reserved for control runs, was subjected to a blank immobilization run by
preparing it in the same way but without AFSOSNBD]1.

For binding experiments between immobilized AF508NBDI1 and peptides, running and
sample buffer had the following composition: 50 mM Tris, 150 mM NaCl, 3 mM MgCl. (pH
7.5), 0.005% P20, 2 mM MgATP and 2 mM DTT (Sigma). The protein-peptide interaction
was monitored at 15°C by injecting different peptide concentrations (50 to 600 uM and then
adapted from the firsts results obtained to lowest concentrations), with a flow rate of 20
puL/min, and recording the refractive index changes at the sensor surface. The subsequent
dissociation phase was followed after each association run by injecting the running buffer
alone. Surfaces were regenerated by injection of 5 pl. of 5 mM NaOH and 5 pl of 10 mM
glycine-HCI (pH 1.5). All association and dissociation curves were corrected for non-specific
binding by subtraction of control curves obtained from injection of the analyte concentrations

through the blank flow channel. The apparent kinetic constants, kon and Kofr, were calculated
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using the Biacore BIAEVALUATION 4.1 software (Biacore AB, Cytiva Lifesciences),
assuming a simple two-component model of interaction. Each run consisted of at least three
independent measurements (three different immobilization flow paths and one control flow

path)

For resonance assignment, peptide M4 and M 10 samples (1 mM) were prepared in 20
mM deuterated (d11 98%, Eurisotop, St Aubin, France) TrisD11CI pH 7.6 150 mM NaCl 4%
D>0. For interaction studies and controls, peptides (1 mM) and peptide (1 mM): AFSO08NBD1
(30 uM) samples were prepared in the same buffer supplemented with 1 mM 3’-deoxy ATP
(dATP), 1 mM TCERP [tris(2-carboxyethyl)phosphine] and 15 mM MgCl..
Experiments were performed using 800 MHz Avance Neo or 600 MHz Avance III HD
(Bruker, Billerica, USA) spectrometers both equipped with a cryogenically cooled triple
resonance 'H[!>C /'5N] probe. Experiments are referenced relative to external DSS (sodium
salt of 4,4-dimethyl-4-silapentane-1-sulfonic acid). Peptide resonances were assigned
following standard procedures from homonuclear 'H-'H two-dimensional DQF-COSY
(double quantum filtered correlation spectroscopy) [75], TOCSY (total correlation
spectroscopy), NOESY (nuclear Overhauser enhancement spectroscopy) [76,77] and ROESY
[78] spectra. Interactions were probed at 15 °C (800 MHz) using STD (saturation transfer
difference) experiments. These experiments used 2 s selective (0.2 ppm) on-resonance (-0.5
ppm) and off-resonance (-40 ppm) saturation achieved with trains of adiabatic e-BURP2
pulses (excitation band-selective uniform-response pure-phase 2) [79,80]. STD data were
recorded for samples of peptide in the presence of AFSOSNBDI1, and of peptide-only under
the same conditions. Some STD signal was observed for the peptide-only samples. To obtain
the contribution of the AFSO8NBD1-peptide interaction to the observed STD signal, the STD

spectra of the peptide-only spectra were subtracted from the protein:peptide STD spectra. The
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corrected STD signal (cSTD) was calculated from the ratio of the integrals of a peak in the
corrected STD spectrum and the corresponding reference (off-resonance) spectrum. Errors in

¢STD values were determined from noise standard error integrated over an equivalent region.

The cDNA of CFTR WT (M470) subcloned in pTracer was mutated using the QuickChange
XL II mutagenesis kit (Agilent) following the manufacturer’s instructions. Obtained mutants
were fully sequenced, amplified and purified (Macherey-Nagel). Plasmid concentrations were

measured using a Nanodrop (Thermo Fisher Scientific).

HEK?293 cells were cultivated in DMEM medium supplemented with 10% fetal calf serum
(Thermo Fisher Scientific) and maintained at 37°C, 5% COa. Cells seeded in 6-well plates
were transfected with CFTR WT and mutant plasmids using Lipofectamine 3000 (Thermo
Fisher Scientific). After 24 hours, transfected cells were lysed in RIPA buffer containing
protease inhibitors and the protein concentration was assessed using the RcDc assay
(BioRad). Western blot analysis was performed using 60ug of protein from each sample
separated on a 7% acrylamide gel. After transfer onto nitrocellulose membranes, CFTR was
probed using antibody 660 (NACF Foundation) and a-tubulin was probed with antibody

DMI1A (Santa Cruz).
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Figure 1. Analysis of the CBb and AFSOS8NBD1 interaction interface and CBb template-
based modeling of Series I peptides. (a) Upper panel: Model of the CBb and AF508NBD1
complex. NBD1 is shown as a grey solvent accessible surface area, whereas CBb is visualized
as ribbons. Lower panel: The CBb fragments selected as templates A, B and C for peptides
and their cognate interface on AF508NBDI1, are depicted in magenta, yellow and blue,
respectively (lower panels). The structures of AFS08NBDI1 (clockwise) and CBb (counter
clockwise) are rotated by 90° relative to the orientation shown in the upper panel. (b)
Distance range map of the intermolecular contacts between CBb and AF508NBD1 interface
residues; red, yellow, green, and blue dots indicate contacts within 7, 10, 13 and 16 A,
respectively. The CBb protein regions selected for peptide templates are highlighted in grey.
(c) Close up of the A, B, and C regions selected as initial templates, together with the
corresponding sequences and the proposed derived peptides. The residues in close contact
with AF508-NBDI1 are shown as sticks and are underlined in the sequences. Mutations

introduced to initial peptide B are highlighted in red.
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Figure 2. SPR analysis of A2, B and C peptides binding to human CFTR AF508NBD1
domain. Sensograms showing peptides binding to immobilized AFSOSNBD1. The peptide
concentrations are indicated for each curve (uM). No binding of the negative control peptides

Cser/ A2 (lower right panel and Figure S2) was observed. Independent experiments were

performed at least three times.
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Figure 3. Functional evaluation of CB and peptides from Series I A2, B and C by aPC

technology (QPatch) in FRT cells expressing AFS08CFTR. Experimental values (mean,

SEM) obtained after intracellular addition of (a) 1 or 10 nM CBb (b) 5 or 50 uM A2, B and C

peptides. Four conditions were applied to each cell: basal (extracellular buffer; EB),

phosphorylation of CFTR channel stimulated by a forskolin and IBMX cocktail (P), condition

P supplemented with VX-770 and inhibition of CFTR current by Inh172 and glibenclamide

compounds (I). Assays were performed on phosphorylated channels with and without VX-

770. Mean current densities were calculated for each condition. Statistical analysis (Anova

test) was done to compare the results without and with peptide addition (at the concentrations

indicated) for each condition. P-values are shown underlined with blue horizontal brackets..

43



Peptide A2 Peptide B Peptide C Peptides A2 + C
Icerr/ C(PA/PF) Icrre/ C(PA/pPF) Ieerr/ C(PA/pF) Icrrr/ C(PA/pF)
150 1 150 1 150 150

- .
(mV) (mV)

150 150 -150
-90 * -90 % -90 = -90 %%
™ - ™ - ™ — ™ —
2 £ £ &
-60 -60 g -60
g 2 2 g
g ] <] g
g-30 £-30 £ 30 £-30
S S 5 =
0 0 0 0
C
-90 * -90 * -90 * -90 K
™ ™ ™y ™
S -60 S.-60 5.-60 S.-60 T
~ T ~ ~ =~
3 - g 2 2
% -30 &z -30 &‘ -30 %; -30 :
£ 1§ == & i & : I
0 x 0 " 0 0 =
cAMP Peptide A2 cAMP  Peptide B CAMP  Peptide C cAMP Peptide A2+C

Figure 4. Peptide activity measured by whole-cell patch-clamp recordings in HeL.a or
HEK293 cells expressing AFS08CFTR. (a) Mean (SEM) cullént-voltage [¢lationships
obtained in cells explessing AFS08CFTR [¢colded by holding the memblane potential at 0
mV and pulsing voltages in the [ange flom —100 mV to +80 mV at 20 mV steps: basal level
(light blue), aftelladdition of 400 uM CPT-cAMP/100 uM IBMX cocktail (olange), afte[’
addition of 1 uM peptide cocktail (dalk blue) and inhibition by 5 uM inhi72/20 uM

glibenclamide (fed). Cullent densities wele nolmalized to cell capacitance (I/C). Peptides A2
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(n=7), B (n=6), C (n=5) or the (A2+C) combination (n=8, 1 uM each). (b) Histograms
showing current densities at -60 mV. Cell lines were different: HEK293 AF508CFTR for
peptide A2, HeLLa AF508CFTR for peptides B, C and A2+C. Correction was obtained either
by pharmacological chaperone
(1 uM c407) for peptides C and peptides (A2+C), or by low temperature (27°C) for peptides
A or B. (c) Nonparametric tests (paired sample Sign tests) were performed between cAMP
and peptide cocktail responses measured at -60 mV. The four peptide cocktails significantly
potentialized cAMP response at 1 uM concentration: Peptide A2 (p=0.008, n=7), peptide B
(p=0.016, n=6), peptide C (p=0.031, n=5) and peptide (A2+C) combination (p=0.004, n=8).
** p<0.005, * 0.005<p<0.05. Peptides A2, C and A2+C were coated with liposomes to favor

internalization.
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22-AFYGC-26 26-CYSGWGGQ-33 16-NAVPFSAFSGCDSGWGGQ-33

| | |
109-FYPDSRC-115 109-FYPDSRC-115 108-MEFYPDSRC-115

Figure 5. Structural models of AFSO0SNBD1 in complex with Series II peptides (with
disulfide bond C26-C115) obtained by template based modeling. The models of peptides
(a) N1, (b) N2, and (c) N3 in complex with AFSO8NBD1 were derived from the CBb and
AF508NBD1 complex model [36]. NBD1 is shown as a grey solvent accessible surface area,
and peptides are colored according to Figure 1. CBb residues that do not contact NBD1 are
not shown for clarity. Hydrophobic residues identified as crucial for the interaction with

NBDI1 are shown by thicker sticks and labeled in red.
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Figure 6. Functional evaluation of Series II peptides N1, N2 and N3 by aPC technology
(QPatch). Experimental values (mean SEM) obtained after addition of 5 or 50 uM of N1, N2
or N3 peptides. Four conditions were applied to each cell: basal (extracellular buffer; EB),
phosphorylation of CFTR channel stimulated by a forskolin and IBMX cocktail (P), condition
P supplemented with VX-770 (VX-770) and inhibition of CFTR current by inhi72 and
glibenclamide compounds (I). Statistical analyses were not done for the N2 peptide because
of the small number of controls (no qualitative change compared to the N3 peptide results). P-

values are shown underlined with blue horizontal brackets.
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Peptide M2
F-X-X-X-F-X-X-X-W F-V-D-Q-F-K-A-E-W

F (n)

Figure 7. Series III peptide M2 containing the hydrophobic motif FxxxFxxxW. (a) The
three hydrophobic residues W30, F23, F109 on the CBb interaction interface important for
binding to AFS08NBD1 and (b/c) comparison of their spatial arrangement with motif
FxxxFxxxW on peptide M2 modeled as an a-helix. (d) Superimposed structures of peptide

M2 and hydrophobic residues of CBb present on the surface of AFSOSNBDI.
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Figure 8. Functional evaluation of Series III peptides M2, M3 and M10, by aPC
technology (QPatch). Experimental values (mean, SEM) obtained after addition of 5 or 50
uM of M2, M3 or MI10 peptides. Four conditions were applied to each cell: basal
(extracellular buffer; EB), phosphorylation of CFTR channel stimulated by a forskolin and
IBMX cocktail (P), condition P supplemented with VX-770 and inhibition of CFTR current
by Inh172 and glibenclamide compounds (I). P-values are shown underlined with blue

horizontal brackets.
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Figure 9. Series III peptides M4 and M10 epitope mapping by NMR STD experiments.
(a) Low-field regions showing the 1D 'H signals of the amide and aromatic hydrogens of the
peptides (1 mM, black) in the presence of AFS08NBDI1 (30 uM) and the corresponding
corrected STD (cSTD) signals (blue). The corrected STD spectra were magnified 38x with
respect to their original relative intensity. (b) The relative ¢cSTD values for each hydrogen of
the M4 and M10 peptides are represented by spheres of varying color. Red: very strong;
orange: strong; green: medium; blue: weak. The name and sequence of the peptides are
indicated; the relative importance of residues in binding was established from detailed
inspection of the measured cSTD (Table S6). The sequences follow the same color-code as

the spheres but takes into consideration signals’ overlap and the other contacts in the residue.
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Figure 10. Peptide M2 activity measured by whole-cell patch-clamp recordings in
HEK?293 cells expressing AFS08CFTR or AF508-Y625ACFTR corrected by low
temperature (27 °C). (a) Mean (and SEM) current-voltage relationships recorded by holding
the membrane potential at 0 mV and pulsing the voltage in the range from —100 mV to +80
mV at 20 mV steps: at basal level (light blue), after addition of 400 uM CPT-cAMP / 100 uM
IBMX cocktail (orange), after addition of 1 uM peptide cocktail (dark blue) and inhibition by
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5 uM inhi72/20 uM glibenclamide (red). (b) Current densities were normalized to cell
capacitance (I/C). Peptide M2 (1 uM) with AFSO8CFTR or with AF508-Y625ACFTR (n=3).
(c) Nonparametric tests (paired sample Sign tests) were performed between cAMP cocktail
(black) and peptide M2 cocktail (red). At the significance level of 0.05, peptide M2
significantly increased cAMP-activated AF508CFTR currents (p=0.031, n=5) but not AF508-

Y625ACFTR currents (n=3).
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M10 1-FRKDFETFW-9

AF508NBD1 o AF508NBD1

Figure 11. Representative structure of the M10-AFS08NBD1 complex from the best
cluster obtained by molecular docking using HADDOCK. The solvent accessible surface
area of AFSOSNBDI1 is shown in grey, and peptide M10 in green (ribbon and sticks for side
chains). The hydrophobic residues Y625, F626 and Y627 on the AFSO8NBDI1 surface are

shown in yellow, orange and light-blue, respectively.
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