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Abstract

Cryo-electron microscopy (cryo-EM) has recently provided invaluable experimental data about the full-length cystic fibrosis
transmembrane conductance regulator (CFTR) 3D structure. However, this experimental information deals with inactive
states of the channel, either in an apo, quiescent conformation, in which nucleotide-binding domains (NBDs) are widely
separated or in an ATP-bound, yet closed conformation. Here, we show that 3D structure models of the open and closed
forms of the channel, now further supported by metadynamics simulations and by comparison with the cryo-EM data, could
be used to gain some insights into critical features of the conformational transition toward active CFTR forms. These critical
elements lie within membrane-spanning domains but also within NBD1 and the N-terminal extension, in which conforma-
tional plasticity is predicted to occur to help the interaction with filamin, one of the CFTR cellular partners.

Keywords CFTR - ABC exporter - Filamin - Comparative modeling - Metadynamics - Cryo-electron microscopy

Introduction

Cystic fibrosis (CF) is caused by mutations in the cystic
fibrosis transmembrane conductance regulator (CFTR),
altering chloride efflux in epithelial cells [1]. CFTR belongs
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to the large ABC transporter superfamily, but is the only
member known to function as an ion channel. Therefore, it
has been considered as a “broken” ABC transporter, hav-
ing an atrophied or uncoupled cytoplasmic-side gate [2].
However, the structural features associated with this spe-
cific evolution remained for a long time poorly understood in
the absence of experimental 3D structure of the full-length
protein. These experimental 3D structures were particularly
hard to obtain due to the low solubility of the protein and
its limited thermal stability [3]. Contributing to this are the
dynamics fluctuations of the protein, exacerbated by intrinsic
disorder associated with specific regions, especially the large
regulatory (R) region, linking the two halves of the protein
and regulating the protein activity through phosphorylation
[4]. Understanding the CFTR 3D structure and its confor-
mational landscape, within its interaction network, could,
however, provide insights into the way the CFTR folding
and functional defects could be rescued [5].

In the last year, a major breakthrough has been achieved
in CF research with the publication of the first experi-
mental 3D structures, at medium to high resolution, of
the full-length zebrafish and human CFTR proteins [6,
7]. These 3D structures were solved by cryo-electron
microscopy (cryo-EM) in an inward-facing conformation,
representing a non-phosphorylated, ATP-free, quiescent
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(apo) state of the CFTR channel (Supplementary Data
1A). Although electron density was too weak to assign
secondary structures, the regulatory (R) domain, which is
unique to CFTR among the proteins belonging to the ABC
superfamily, was observed in these quiescent structures
between the two nucleotide-binding domains (NBDs),
preventing their dimerization and channel opening. Even
more recently, the cryo-EM 3D structure of a phosphoryl-
ated, ATP-bound conformation of the full-length zebrafish
CFTR protein was also reported, in which the R region
is disengaged from its inhibitory position and the NBDs
form a head-to-tail dimer [8] (Supplementary Data 1B).
However, despite the ATP-bound state of the protein, the
channel remained blocked in a closed state at its extra-
cellular surface, with a conformation of the membrane-
spanning domains (MSDs) similar to that observed in the
quiescent, apo conformation. In all these three cryo-EM
structures [6—8], the N-terminal region preceding MSD1
adopts a “lasso” conformation, inserting partly into the
membrane and packing against MSD transmembrane (TM)
helices. Also, a discontinuity is observed at the level of
helix TM8, accompanied by a displacement of helix TM7
from its usual position in ABC exporters. Some efforts
have already been undertaken to further exploit these 3D
structures through molecular dynamics simulations, high-
lighting the current need of additional studies, including
theoretical approaches, to understand gating cycle [9, 10].

Before these cryo-EM data on CFTR, several 3D mod-
els of the CFTR MSD/NBD assembly have been built by
comparative modeling, based on crystal 3D structures of
ABC exporters ([11] for a review). Molecular dynamics
(MD) simulations of models of the open form of the chan-
nel, starting from the Sav1866 ABC exporter template in an
outward-facing conformation, globally agreed with the gen-
eral channel properties, including a narrow bottleneck sepa-
rating a wide inner vestibule and a distinct outer vestibule
[12—14]. Models of the open and closed forms were also pro-
posed based on the use of the McjD and TM287/288 ABC
templates, respectively [15]. More recently, outward- and
inward-facing models were also proposed using an inte-
grated experimental-MD simulation over a significant time
(200 ns) [16]. Comparison of these models with cryo-EM
structures can be performed to reveal differences, which may
reflect distinct, functionally relevant conformational states,
setting aside potential problems regarding the resolution of
experimental 3D structures or imprecision in the models. As
regards to this last point, it is generally difficult to appreciate
the accurateness of models, as they were built (at least for
the MSDs) at very low level of sequence identity. This does
not mean that models are not able to reflect the structure of
the CFTR channel [17], but highlights the need of a prior,
critical assessment through structural alignments, now pos-
sible since cryo-EM data are available.
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In 2015, we reported a MD-refined model of the CFTR
open form, based on a sequence alignment with the Sav1866
template optimized through the consideration of ABC
exporter structural invariants. This model was characterized
by a critical salt bridge, typical of the open form, between
the residues R352 and D993 [18, 19] and revealed particu-
lar features of TM8, including less amino acids than other
ABC exporters. It also suggested that opening of the CFTR
channel was linked to the appearance of four lateral, hori-
zontal portals at the level of the intracellular loops (ICLs)
at the end of the TM helices, allowing ions to flow from the
cytosol toward the central vertical pore [14] (Supplementary
Data 1C). In this model, the movement of the MSD TM
helices associated with channel opening was proposed to
be linked to a conformational shift occurring at the level
of the NBD1 alpha-subdomain, where F508 [the deletion
of which (F508del) is the most frequent mutation in CF]
is located. Moreover, subsequent further short MD simula-
tions suggested that closure of the pore may occur via lim-
ited movement of the MSDs, with F337 playing a central
role at the level of the extracellular gate [14] (Supplemen-
tary Data 1D). We herein designate this closed conformer
the transient (t)-closed form of the CFTR channel, as it is
quickly observed starting from the full-open conformation.
The above-mentioned salt bridge between R352 and D993,
typical of the open form [18, 19], was also observed here,
although weaker. However, this conformation lacks the salt
bridge between R347 and D924 [18, 20] observed in the
experimental cryo-EM 3D structures, the apo quiescent
ones, as well as the ATP-bound, yet closed conformation
[6-8]. This last structure is called here the s-closed (stable-
closed) form, as opposed to the t-closed (transient-closed)
form observed in our model, a name which is supported
by its particular stability during ps-long MD simulations
and by its inability to spontaneously shift toward an open
form of the channel [10]. A 100 ns MD simulation of the
human CFTR model that we built based on this zebrafish
s-closed conformation (see “Materials and methods”) also
led to observe a stable conformation [root-mean-square
deviation (RMSD) of only 2.68 A for 1108 superimposed
Ca atoms between the two extreme frames]. Of note, the
ICL lateral portals and the extracellular gate of our models
were further supported by patch clamp recording and substi-
tuted cysteine accessibility mutagenesis (SCAM), highlight-
ing, for instance, some critical amino acids, such as K190,
R248, R303, K370 (TM4-TM6 portal), K1041, and R1048
(TM10-TM12 portal), involved in electrostatic interactions
with chloride ions [21-24]. These were also now supported
by the very recent cryo-EM 3D structure of the phosphoryl-
ated, ATP-bound CFTR [8].

In the present work, we first provide further strong sup-
port to our 3D models of the open and closed forms of the
CFTR channel (1) by performing metadynamics simulations,
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which allowed to estimate the stability of the models in the
open and closed forms and gave new insights into the chan-
nel dynamics and thermodynamics, and (2) by providing a
structural alignment of these refined models with the experi-
mental cryo-EM 3D structures of CFTR, which showed that
the positions of equivalent amino acids within the different
TM helices are identical (or in the correct register) and thus
allowed to unambiguously check the quality of the sequence
alignment.

Next, the comparison of the cryo-EM apo, quiescent [7]
and ATP-bound, yet closed (s-closed form) [8] conformers
of CFTR with our model of the t-closed form highlighted
some local conformational differences at the level of the
TM7-TM8-TM9 three-helix block, suggesting that two
distinct conformations of the closed channel might exist.
A similar closed extracellular gate is present in these two
closed forms but with a different network of salt bridges,
the t-closed form, however, being able to fast evolve toward
the open form and thus potentially allowing rapid flickering.
We also indicate here that transition from inactive toward
active forms (in other words, from the s-closed toward the
t-closed and open forms) might be associated with signifi-
cant conformational changes, not only at the level of MSDs
but also at the level of the NBDs and the N-terminal region.
Conformational transitions of the N-terminal region are here
considered in the context of the interaction of CFTR with
one of its cellular partners (filamin), which may help to sta-
bilize the open form of the channel.

Finally, relying on the consistency of our models with
experimental data, we show that the global transition
between the quiescent and open forms of the CFTR channel
(thus two extreme states) may be described through simple
movements of four blocks of three consecutive TM helices.
The different conformations can even be more generally
described through the consideration of two stable blocks
(as also recently proposed when comparing cryo-EM 3D
structures [8]), each including NBD1 or NBD2, together
with their interacting intracellular loops and associated TM
helices.

Combining experimental and theoretical data, thus, pro-
vides a general framework to better understand and analyze
the CFTR function, moreover giving atomic details which
may be used for refining experimental 3D data acquired at
medium resolution.

Materials and methods
Molecular modeling
To allow an easier comparison of the structures at the amino

acid level, a model of the s-closed form of human CFTR was
built based on the experimental 3D structure of the s-closed

form of zebrafish CFTR [8] (PDBID:5W81), using Model-
ler 9v15 [25] and the alignment provided in Figure S1 of
the Zhang’s article [8]. The two sequences share 55% iden-
tity, but the comparison of experimental 3D structures of
CFTR in the dephosphorylated state has already shown that
they are essentially identical [root-mean-square deviation
(RMSD) of 1.9 A for 1062 Ca positions] [7]. Accordingly,
the RMSD observed here between the 3D structures of the
model (human) and experimental (zebrafish) CFTR s-closed
3D structures is of 1.83 A for 1060 Co positions. Note that
there is only one insertion in the zebrafish sequence (G64)
within the available coordinates, located between Lh2 and
elbow1, the other ones being located in the regulatory inser-
tion (RI), in the regulatory region (R domain), within ECL4
(between TM7 and TM8), as well as in the linker insertion
LI (no available density). To keep the conformation similar
in the lasso region despite this insertion, we used the seg-
ment encompassing aa 61-77 of human CFTR in an apo
conformation (perfectly superimposable to the correspond-
ing segment of zebrafish CFTR both in an apo and s-closed
conformations) to locally model the 3D structure of the
human CFTR in the s-closed state (PDBID:5UAK), while
the rest of the protein was modeled based on the experi-
mental 3D structures of zebrafish CFTR in an s-closed state
(PDBID:5WS81).

A model of the Saccharomyces cerevisiae YOR1 was
also built, using as template Sav1866 (PDBID:2HYD) and
the previously published alignment [14], and submitted to
molecular dynamics simulations (see below).

Molecular dynamics (MD) simulation

Details about the construction and molecular dynamics
(MD) simulations of models of the human CFTR MSD:NBD
assembly (which have led to models of the open and t-closed
forms) are reported elsewhere [14]. These simulations have
been performed without external constraints.

The same protocols were followed for MD simulations
of CFTR models and CFTR-FInA IG complexes for which
the convergence has been checked and duplicates calculated
(Supplementary Table 1).

Each model was embedded in a lipid bilayer consisting
of POPC molecules using VMD or the charmm-gui plat-
form [26-28]. The complexes were then immersed in an
orthorhombic box filled with TIP3P water molecules [29].
Electric neutrality was achieved by the addition of Na* [30]
and C1™ [31] ions reaching a final concentration of 15 mM.
The location of ions was optimized using a Monte Carlo
approach.

The whole systems contain from 232,717 to 251,666 for
CFTR models and from 258,460 to 544,929 atoms for CFTR-
FInA IG complexes. An additional MD was performed using
CFTR intracellular N-terminal segment from 1 to 22 in
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complex with FInA IG21 immersed in a cubic solvent box
(48,773 atoms, Supplementary Table 1).

Once a system is prepared, equilibration steps were per-
formed with the CHARMM?36 force field [32] with the CMAP
correction [33] in NAMD 2.9 [34]. The water molecule and
ion positions were first minimized by 10,000 steps using the
conjugate gradient method [35] and keeping the solute fixed.
Harmonic restraints on the heavy atoms of the protein back-
bone and the ATP molecule (initially 500 kcal/rnol/Az) and
the lipid heads (initially 800 kcal/mol/Az) were then relaxed
stepwise during a total of 3 ns equilibration using the NPT
ensemble. The system was then released of any constraints,
and a production phase was then conducted (the simulation
time of each system is reported in Supplementary Table 1)
at a temperature of 310 K and a pressure of 1 bar. Tempera-
ture was kept constant using Langevin dynamics [34], and
a Nose—Hoover Langevin piston [36] was used for pressure
control. Periodic boundary conditions were used to avoid
artifacts at the box boundaries. Infinite-range Coulomb inter-
actions were treated with the particle mesh Ewald approach
[37]. For the van der Waals interactions, a switching function
was applied at 10 A and the cutoff was set to 12 A. SHAKE
was applied to constrain the bond lengths involving hydrogen
atoms. The integration time step was 2 fs and coordinates were
saved every 1000 steps (2 ps).

The RMSDs between the initial models and the last MD
snapshots are given in Supplementary Table 1 and the figures
legends. 10-25 ns appeared generally sufficient to reach stable
models.

Metadynamics simulation setup

With the aim of obtaining a quantitative free-energy landscape
connecting the open and t-closed CFTR conformations, a
metadynamics simulation [38] was carried out using the same
setup as above, employing NAMD 2.9 with Plumed version
2.3 [39]. A critical ingredient of free-energy calculations is
the choice of a few collective variables: these are functions of
Cartesian coordinates, meant to capture the slow degrees of
freedom characterizing the transformation [40]. We adopted
path collective variables (PCVs, [41]), S and Z, describing,
respectively, the progress along, and the distance from, the
CFTR closure/opening pathway:

. Z;(VZI ke~ *DR@.R,)
)= —/————

(R@) ZN —AD(R(t),R;1)
k=1¢

N
Z(R@) = = Tog Y, O,
k=1
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where N is the number of reference configurations used
to represent a putative pathway, D is a distance metric for
structural similarity, and lambda is a parameter chosen
as~2.3/D(R;,R,, ) to obtain a smooth free-energy land-
scape. We defined D as the mean-square deviation among
interatomic distances measured on a limited set of repre-
sentative atoms involved in the conformational transitions of
CFTR, namely 65 alpha carbons from the upper part of the
CFTR central TM helices (Supplementary Table 2). These
atoms display a displacement larger than 8 A. As a reference
pathway, we extracted 12 configurations along the CFTR
closure pathway obtained from the unbiased MD simula-
tion in [14].

Along the metadynamics trajectory, an external history-
dependent bias potential is added to the Hamiltonian of the
system. This potential is constructed as a sum of Gaussians
periodically deposited in the PCVs space. At time t, the
bias potential is written as:

t _S0-8 )% _ @w-zi' )
2 2
V. Zo= ) We g

'=t12737,...

where the total simulation time is 300 ns, W=0.3 kJ/mol,
0,=0.08, and ¢,=0.015 nm?2, with a deposition stride
7=2 ps (1000 steps). The deposited hills tend to fill the min-
ima in the free-energy landscape: after an initial transient,
observation of stationary conditions, with V(S,Z.f) growing
approximately parallel to itself, is taken as evidence that
the simulation reached convergence. At this point, a time
average of the bias potential provides an unbiased estimate
of the underlying free-energy surface F(S,Z) [42]. The land-
scape presented in Fig. 1d is obtained as the average V(S,Z,7)
between 120 and 300 ns, with a statistical uncertainty esti-
mated as 5 kJ/mol based on the deviation between F(S) pro-
files (obtained integrating the Z coordinate) averaged in the
120-210 and 210-300 ns intervals.

Molecular graphics and analyses

Molecular graphics and analyses were performed using
DeepView/SwissPDBViewer [43] and the UCSF Chimera
package [44]. Chimera is developed by the Resource for
Biocomputing, Visualization, and Informatics at the Uni-
versity of California, San Francisco (supported by NIGMS
P41-GM103311). In particular, the solvent accessible sur-
faces have been calculated by the DeepView/SwissPDB-
Viewer tool, as well as side-chain rotamers. As energy
minimization and MD simulations tend to fill cavities, it
was sometimes necessary to choose different side-chain
rotamers, while keeping the main chain unchanged, to
obtain continuity in local areas (such as lateral portals).
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Fig.1 Models of the CFTR open and t-closed forms after meta-
dynamics simulations. The initial metadynamics simulations were
conducted with a CFTR sequence with a slight variation (D to N)
in a non-conserved, likely non-critical position (249), but similar
MD trajectories and reversible transition pathway were afterwards
observed using the CFTR wild-type sequence. Coordinates of open
and t-closed conformational states are provided for both simulations
in our web site. a Superimposition (view from the extracellular side)
of representative conformations of the open (dark colors) and t-closed
(light colors) states after metadynamics simulations. Movements
leading to the closure of the channel appear to be almost equally dis-
tributed on the upper parts of the TM helices TM1, TM2, TM3, TM6,
TM7, TMS8, TM11, and TM12, converging toward the pore center
represented by a black dot. The asparagine N894 and N900 which are
linked to glycans are highlighted. These positions suggest that gly-
cans may be sometimes oriented toward the extracellular entrance of

Coordinates of models

The coordinates of representative open and t-closed con-
formations of CFTR obtained from metadynamics simu-
lations are available at http://www.impmc.upmc.fr/~calle
bau/CFTR_2018.html.
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the pore. b Orthogonal view. For sake of clarity, the NBDs are not
shown. The central and lower parts (ICLs, at left) of the TM helices
are almost identical for the open and t-closed states (RMSD 1.83 A
for 405 superimposed Ca). ¢ The progress along CFTR closure/open-
ing pathway. The collective variable S is extracted from the metady-
namics simulation and plotted in function of time. The variable tracks
the similarity between each simulation snapshot and the reference
configurations, using the mean-square deviation among interatomic
distances on 65 alpha carbons from the upper part of the CFTR cen-
tral TM helices (see “Materials and methods” section and Supple-
mentary Table 2). d Free-energy surface F(S) from the metadynam-
ics simulation. The profiles are obtained integrating the Z coordinate
and averaging the bias potential in the 120-300 ns interval. The pink
shaded region represents the deviation between F(S) profiles averaged
in the 120-210 and 210-300 ns intervals

Results

Further assessment of the models of the open
and t-closed forms using metadynamics

First, we wanted to further assess the reliability of models
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of the open and t-closed forms, as the duration of the MD
simulations performed to reach these models was relatively
short [14]. We first performed a standard MD simulation
starting from the same initial, open form of the model, after
an independent equilibration step, to allow for the sampling
of different initial conditions. This MD simulation led to a
t-closed conformation similar to that observed before (Sup-
plementary Data 2-A). Then, metadynamics was used for
computing free energies associated with the models and for
accelerating the occurrence of rare events (conformational
changes). We considered here a set of collective variables
(based on the positions of 65 Ca atoms from the upper part
of the TM helices), capturing important features of the clo-
sure process (see “Materials and methods”). The underly-
ing hypotheses are that CFTR parts not explicitly included
in the variables would be able to follow the movement by
virtue of mechanical connections, and that the sizable length
of the simulation (300 ns) would allow degrees of freedom
orthogonal to the biased variables to relax. In applying
enhanced sampling techniques such as metadynamics to a
system of the size and complexity of CFTR, it is mandatory
to focus the biasing forces on a subset of atoms, to avoid
ineffective dispersion of bias energy in the form of heat.
The viability of our definition of collective variables appears
supported by the fact that we observed reversible transition
pathways (several channel opening/closing events), that are
furthermore structurally homogeneous (both among them
and with the spontaneous closing pathway [14]), resulting in
a converged bias profile (Fig. 1). The statistical convergence
of the latter has been assessed by estimating the degree of
parallel growth of profiles averaged within different time
intervals—a signature of stationary conditions resulting
from the cancelation of the underlying free-energy profile
[40, 42]. The reversible transition pathway was observed
whatever the initial post-equilibration conformer of the open
form is used as starting point (Supplementary Data 2-B).
Movements leading to the closure of the channel appear
to be almost equally distributed on the upper parts of the
TM helices TM1, TM2, TM3, TM6, TM7, TM8, TM11,
and TM12, converging toward the pore center. The open
state appears less stable from an energetic point of view,
and, indeed, it rapidly evolves to the more stable t-closed
conformation. The free-energy difference for S (the path
collective variable describing the progress along the clo-
sure/opening pathway) values varying between S=4 (open
state) and S =38 (t-closed state) is ~40 kJ/mol (Fig. 1d) and,
hence, is comparable to the free energy released by the ATP
hydrolysis (between ~ 20 and 40 kJ/mol) in solution [45-47].
This suggests that the transition observed here may not cor-
respond to intra-burst flickering, but rather to inter-burst
conformational transitions, as flicker closures occur with
timescales that are not consistent with ATP hydrolysis [48].
Accordingly, flicker-closed conformations could correspond

@ Springer

to intermediate states found in the proposed metadynamics
cycle.

Reliability of the 3D models of the CFTR open
and t-closed forms relative to cryoEM data

We then verified the reliability of the sequence alignment
that we have made at the MSDs level with the Sav1866 tem-
plate and its agreement with the observed, experimental 3D
structures. We, thus, considered extreme open and t-closed
conformers observed after metadynamics and compared
them to the apo and s-closed conformations observed by
cryo-EM. We considered more particularly the t-closed
(model) and s-closed (cryo-EM) conformations, which rep-
resent the more similar conformational states, with respect
to the apo and open states. To that aim, to allow an easier
comparison at the amino acid level, we built a model of the
s-closed form of human CFTR based on the experimental
3D structure of the s-closed form of zebrafish CFTR. Both
3D structures are essentially similar as assessed by a RMSD
value of 1.83 A for 1060 Ca positions (see “Materials and
methods™).

The overall match between the s-closed and t-closed
structures is good (4.60 A for 972 Ca positions, Fig. 2).
At the level of the individual helices, the superimposition
revealed a striking exact correspondence of amino acid posi-
tions, thus strongly supporting the reliability of our models
(Fig. 3). This correspondence is observed within the frame
of very similar conformations (RMS between 0.97 and
2.76 A), except for TM8 (RMS 3.71 A), in which unwind-
ing is observed in both the experimental 3D structures and
models, however, at different locations. A limited unwinding
is also observed in TM10 for the t-closed conformation. It is
important to note that this local difference in conformation
is observed between positions that are perfectly in corre-
spondence, and thus does not likely correspond to an error
in sequence alignment, but rather may depict an alternative
conformation (see below). Of note is that some geometrical
peculiarities of TM helices, linked to critical functional fea-
tures, were particularly well predicted in our models. This
is, for instance, the case of a n-bulge within TM6 (with a
i-i+5 H-bond), located in the vicinity of R347 and R352
(zebrafish R348 and R353, respectively), both amino acids
being involved in salt bridges critical for CFTR gating
(Fig. 4, see below) [18].

This overall correspondence of conformation is also
observed when considering four distinct blocks, each
containing three consecutive TM helices (TM1-TM3,
TM4-TM6, TM7-TM9, TM10-TM12) (Supplementary
Data 3). This division of the MSDs into four 3-helix
blocks is based on an internal symmetry that we reported
previously, which can be considered for understanding the
conformational transitions within ABC exporters [14]. The
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Fig.2 S-closed/t-closed
forms—comparison of the
whole structures. Superimposi-
tion of the main 3D structure
elements of the model of the
human CFTR s-closed form
(light colors, directly built
from the zebrafish cryo-EM 3D
structure [8]) and human CFTR
t-closed form (dark colors).
4.60 A RMSD for 972 Ca atoms
(aa 70-402, 436-636, 846-856,
945-1167, and 1193-1426; the
missing Ca atoms are those
before aa 70 and after 1426, as
well as those of RI, LI and a
large part of TM7-TM8)

AV
S  TM7-8-9
&
/"
\_— 7

N g TM10-11-12

L
—

comparison of the t-closed, s-closed, and open forms also  extra-cellular loops (ICLs and ECLs, respectively) and (2)
led to an overall good superimposition at the level of the  that only small differences exist between these different
three-helix blocks, as illustrated by low RMSD values.  conformational states. Again of note are the local confor-
This additional comparison particularly well illustrates (1)  mational differences existing at the level of TM8, accom-
the good match also existing at the level of the intra- and  panied by a displacement of the TM7 position (see below).
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Fig.3 S-closed/t-closed forms—comparison of individual TM heli-
ces. Superimposition of the individual transmembrane (TM) helices
of the human CFTR s-closed form (directly built from the zebrafish
cryo-EM 3D structure [8], light colors) and t-closed form (dark

Focus on TM8

Having demonstrated the correspondence of the amino acid
positions between the model and cryoEM 3D structure (see
before), we noticed that we succeeded in identifying a strik-
ing feature of helix TM8, which is slightly shortened relative
to the Sav1866 3D structure in terms of number of amino
acids. This shortening in the three cryo-EM 3D structures is
associated with an unwound sequence segment encompass-
ing amino acids (aa) 925-932 (human CFTR numbering),
while this sequence maintains a canonical helical character
in our 3D models of the t-closed and open forms (Fig. 5). In
contrast, in our models, it is the 937-945 sequence segment
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that is unwound, while having a canonical helical conforma-
tion in the cryo-EM 3D structures (Fig. 5). This unwinding is
observed at the position where a two-amino acid deletion has
been made relative to the Sav1866 template (aa 942-943),
considering the best match with the ABC amino acid profile
(see the corresponding alignment in the supplementary Data
1 of [14]). This unwinding did not propagate during MD
simulations and did not lead to a change of orientation of
TMS, in contrast to that observed in the cryo-EM structures.
In contrast, the local perturbation of TM8 due to an addi-
tional one amino acid deletion introduced upstream (at the
level of D924) was abolished upon MD simulation (data not
shown), thereby weakening the possibility of bias associated
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D993

Fig.4 S-closed/open forms—focus on TM6. Local superimposi-
tion of the TM6 segment including a n-bulge within the s-closed
form (cryo-EM, zebrafish CFTR, PDBID:5W81 [8], light green)
and the open form (model, human CFTR, this study, dark green) of
CFTR. The depicted amino acids are equivalent between human and
zebrafish CFTR, expect from E873 (human) and E932 (zebrafish),
corresponding to E871 (zebrafish) and D924 (human), respec-
tively. An H-bond between i (human A349/zebrafish T350) and i+5
(human F354/zebrafish L355) stabilizes this local conformation,
which is located in close vicinity of the two basic residues involved
in salt bridges typical of the open (human R352/zebrafish R353; salt
bridge with human D993/zebrafish D1001) and closed (human R347/

with these local singularities. More interestingly, no orien-
tation change was also observed after 20 ns MD simula-
tions when the amino acid deletion was shifted upward (aa
931-932), at a location similar to that for which unwinding
is observed in cryoEM data (data not shown). Worth noting
is the recently reported cryo-EM 3D structure of chicken
CFTR, however, solved at low resolution, but indicating no
kinked conformation for TM8 [49]. This is in agreement
with our model and strongly supports the overall plasticity
of TM8, with an unwound segment, occurring in experimen-
tal and modeled TM8 3D structures at both sides of a kink
located at similar positions (Fig. 5). Taking into account
the usual cautions linked to modeling, this suggests that an
orientation of TMS8 different from that observed in cryo-EM
(allowed by the flexibility and possible sliding associated
with local unwinding around this kink) may be the key factor
for evolving toward an active channel.

TM6 (346-356)

RMSDCc 0524

zebrafish R348; salt bridge with human D924/zebrafish E932) forms,
respectively. Of note are (1) the impossibility of forming directly a
salt bridge typical of the open form in the reported s-closed confor-
mation due to the presence of an intercalating tryptophane (zebrafish
W1153, human W1145) and (2) the presence in the open form
(model) of an alternate bond involving R347 and E873. Within this
segment, the putative accessibility of V350 (V351 in zebrafish CFTR,
not shown), discussed in a previous article [14], can be well under-
stood regarding these data: V350 is totally buried in the open state
of the channel and partially exposed to the solvent in the apo and
s-closed states. V350 is also one of the four pivots described in Sup-
plementary Data 16

We also note that the kink is located at the level of the
barycenter of the four pivots (aa 202, 350, 910, and 1145,
colored balls in Fig. 5a), around which conformational tran-
sitions between the open and closed forms of the models can
be described (see “Discussion”). Interestingly, the unwound,
extended conformation of TMS in the structure models (aa
937-945) appears to be correlated to extended conforma-
tions in both TM7 (852-857) and TM9 (980-985), while
the secondary structure regularity in other regions remains
unchanged (Fig. 5b). This feature likely excludes the possi-
bility of a local artifact on the TM8 model. It should be noted
that local winding/unwinding of ABC TM helices occurring
during conformational transitions was very recently high-
lighted in the P-glycoprotein 3D structures, solved in inward-
and outward-facing conformations [50, 51]. Indeed, as sug-
gested here for the CFTR TM8 925-937 segment, a striking
difference exists at the level of two symmetrical TM helices
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«Fig.5 S-closed/open forms—focus on TM7-TM8-TM9. Local
superimposition of the TM7-TM8-TM9 block (a, b two different
orientations) within the model of the human CFTR s-closed form
(directly derived from the cryo-EM 3D structure of zebrafish CFTR,
PDBID:5W81 [8], yellow) and open form (pink). 68 Ca atoms (;33
945-1013) were superimposed, with a resulting RMSD of 2.02 A.
The unwound segments are reported in green (aa 937-945), blue
(aa 980-985), and pink (aa 852-857) for the open form, in red (aa
925-932) for the s-closed form. Of note is the opposite situation for
wound/unwound segments at the level of the kink of TM8 for the
open and s-closed forms. The four pivots around which the conforma-
tional transitions can be described (aa 202, 350, 990, 1145) are also
reported, with their barycenter located at the junction of the unwound
segments between the open and s-closed forms. ¢ Stability of the
compared segments in the active (left) and inactive (right) conforma-
tions.

(TM4 and TM10) of the P-glycoprotein, being unwound in
the inward-facing conformation, while wound as a regular
helix in the outward-facing conformation (Supplementary
Data 4). However, for CFTR, the situation appears more
complex as a shift toward an unwound downstream segment
is observed in the other conformation (Fig. 5a).

The alternate, canonical orientation of TM8 observed in
our models (Fig. 6¢,d) correlates with the presence of sev-
eral markers of the active channel. In the cryo-EM 3D struc-
tures, TM8 unwinding allows D924 (zebrafish E932) in TM8
(black in Supplementary Data 5) to make a salt bridge with
R347 (zebrafish R348) in TM6 (green), a bond that is more
typical of the closed form of the channel [18], while the
second part of TM7 (purple) moves outward. This salt bridge
is shown in details in the right middle and bottom panels
of Supplementary Data 5. The presence of an acidic amino
acid at position 924 (establishing the salt bridge with R347)
is specific of the CFTR sequence and may explain the TM8
unwinding and the unusual position of the TM7-TM8 cou-
ple (Fig. 6a,b), which does not exist in other ABC exporters
whose 3D structures were solved in inward-facing conforma-
tions. This is exemplified in Fig. 6e, f with the recently pub-
lished cryo-EM 3D structure of bovine MRP1 (PDBID:5UJ9
[52]) or the X-ray 3D structure of Thermotoga maritima
TM287/288 (PDBID:4Q4A [53]).

The alternate conformation that we observe in our mod-
els, which lacks the salt bridge [human D924-R347] of the
s-closed form, is stabilized by another salt bridge between
R347 (in TM6) and E873 (in TM7) [Fig. 4 and Supple-
mentary Data 5 (top right)] and, although the pore is still
closed, it already displays the D993—-R352 salt bridge typi-
cal of the open form [18]. These bonds are also observed
in our model of the open form (Fig. 6¢, d), however, being
stronger in this last case. Figure 6a—d indicates that in the
open and t-closed forms (models), E873 substitutes D924
[apo and t-closed forms (cryo-EM)] for interaction with
R347, TM7 [open and t-closed forms (models) locally tak-
ing the place occupied by TMS8 (apo and t-closed forms

(cryo-EM)]. In the reported cryo-EM structure of the
zebrafish CFTR s-closed form, the open state-specific salt
bridge (D1001-R353, equivalent to human D993-R352)
is unable to form, due to the presence of an intercalating
tryptophan (W1153, equivalent to human W1145), which
establishes a cation/x interaction with R353 (Fig. 4 and
Supplementary Data 6). However, MD simulations per-
formed on this s-closed form [either the zebrafish experi-
mental 3D structure (ps-long MD simulation) [10] or a
model of human CFTR, based on this last experimental
3D structure (100 ns MD simulation), see “Introduction’]
highlighted a rapid formation of an optimal D993-R352
bridge (distances of 2.86 A and 2.72 A), due to a small
movement of W1145, while the R347-D924 remains sta-
ble (distances of 2.77 and 2.66 A). Finally, it is also note-
worthy that channel closure involves a similar environment
in the apo, s-closed, and t-closed forms of CFTR, around
the highly critical F337 residue (Supplementary Data 7).

Thus, comparison of experimental and theoretical data
strongly suggests that the t-closed conformer, observed in
our MD simulations and whose reliability is further sup-
ported by metadynamics simulations, could be a required
passage, allowing a fast transition toward the open state of
the channel.

Comparison of the cryo-EM 3D structures of the apo,
quiescent form and of the s-closed form led Zhang and col-
leagues [8] to propose that local movements of upper parts
of TM8 and TM 12 control channel opening. In the present
work, the comparison of cryo-EM 3D structures and our
models show that local differences do indeed exist at this
level, with a progressive evolution of the beginning of TM8
(human 910-923, zebrafish 918-931) from an s-closed to an
open conformation, through an intermediate t-closed state
(Supplementary Data 3—block 3). However, in contrast to
what is suggested by Zhang and colleagues [8], we propose
that this should not be the unique factor implied. Indeed,
other, possible complex conformational changes, involving
repositioning of the TM7-TMS, are likely necessary to allow
transition toward the open state, as observed in our models
of the t-closed and open forms. The presence of a n-bulge in
TMB6, located in the vicinity of the critical residue R352 and
shared by the s-closed form and our model of the open form
(Fig. 4), is likely to play a critical role in this conformational
plasticity, as reported in other systems [54, 55].

Finally, we note that the peculiar behavior of TMS and its
mobility may be associated with the fact that its extracellular
end holds the unique long extracellular loop ECL4 of CFTR
and its two glycosylation sites (Fig. 1a). Striking difference
in orientation is observed for this upper part of TM8 not
only between the cryo-EM apo and the s-closed conform-
ers (Supplementary Data 7), but also between the open and
t-closed forms in our MD simulations (Supplementary Data
2), thereby further highlighting its critical role.
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«Fig.6 The TM7-TM8 pair. Comparison of 3D structures, viewed
from the extracellular side, of the membrane-spanning domains
(MSDs) of CFTR from cryoEM 3D structures in closed conforma-
tions [a apo, quiescent form (human): PDBID:5UAK [7]. b s-closed
form (zebrafish): PDBID:5W81 [8]. Amino acid (aa) 932 is equiva-
lent to human CFTR aa 924, aa 348 to human CFTR347)] and from
human CFTR 3D structure models in a t-closed form (c¢) and in an
open form (d) [14]. These 3D structures were compared to two
experimental 3D structures in inward-facing conformations (e bovine
MRP1, PDBID:5UJ9 [52]; £ T. maritima TM287/288, PDBID:4Q4A)
[53], highlighting the atypical position of the TM7-TM8 helices in
the two cryo-EM CFTR 3D structures. Amino acids participating in
salt bridges in the different conformations are shown in a ball-and-
stick representation (also see Supplementary Data 5). g Structural
alignment of the sequences of the CFTR, MRPI1, and TM288 T™M
helices 8 and 7, highlighting specific features in the CFTR sequence

Critical features of the open state of the CFTR
channel, as deduced from modeling

Some features, specific of the open-channel model and
related to the MSDs and NBDs, were reported previously
[14], but are here further described as they shed new light on
unexplored features of cryo-EM data. In addition, we present
here novel predictive insights into the interactions that can
be mediated by the CFTR N-terminal region, within the con-
text of its potential plasticity. Of course, some of such pre-
dictions made outside the frame of known templates may be
considered as speculative as no experimental 3D structure is
yet available to support their reliability in a straightforward
way. This explorative research was, however, supported by
sound experimental data and may, thus, open new avenues
for further experimental characterization.

Lateral openings

An important feature revealed by our model of the open form
of the channel [14] was the presence of cytoplasmic portals,
displayed at the level of the ICLs, which together form a
tight two-layered bundle of helices. The diameters of these
portals [typically twice the size of a chloride ion (~7 A)]
are sufficient to allow anions, such as C1~ or HCO3™, to
access the central channel pore from the cytosol. The four
equivalent portals, almost perpendicular to the central ver-
tical channel pore itself, are arranged in a cross-shaped
configuration, the entrance of each being located between
the cytoplasmic extensions of two TM helices: TM5-TMS,
TM2-TM11, TM10-TM12, and TM4-TM6 (Supplementary
Data 8-A), and their shapes appear similar in this open form.
Basic side chains are generally located at or near each portal
entrance, probably attracting anions toward the central pore.

This prediction has been supported by experimen-
tal data based on patch clamp recording and substituted
cysteine accessibility mutagenesis (SCAM) [21, 22].
Indeed, consistent with our model, the side chains of

basic residues such as K190, R248, R303, K370, R1041,
and R1048, located between the cytoplasmic extensions
of TM4-TMS6 and, to a lesser extent, TM10-TM 12, were
shown to play a role in the attraction of chloride ions [21].
Involvement of the TM5-TM8 and TM2-TM11 portals
was, however, not studied in these experiments. A very
recent study, based on additional experiments including
channel blockers, pleads in favor of the critical role of the
TM4-TM6 portal [56]. We show here that this regularity is
broken in the t-closed form, in which only the TM4-TM6
portal appears to be present (Supplementary Data 8-B).
Interestingly, we also show that similar portals can also be
observed in the cryo-EM quiescent apo 3D structure at the
same locations, provided that alternative rotamers of some
side chains are considered (Supplementary Data 8-C).
However, these “apo” portals do not exhibit the regularity
observed in the model of the open state. In particular, the
TM4-TM6 portal is transformed into a large entrance; it
may, however, remain similar to what we observed with
our open-state 3D structure, when adding a possible model
of the R region (in agreement with the cryo-EM weak
electron density). The channel linked to the TM5-TM8
portal is longer, a feature associated with the opening of
the MSD toward the cytosolic side. In contrast, the two
other portals are shorter and closed by elements typical of
the apo structure, i.e., the R region for the TM10-TM12
portal and the N-ter lasso for the TM2-TM11 portal.

The opening between TM4 and TM6 is also observed
in the cryo-EM 3D structure of phosphorylated, ATP-
bound s-closed CFTR [8], but no other lateral portal has
been clearly reported in this 3D structure, although the
TM10-TM12 one is still present (Supplementary Data
8-D).

Thus, the cryo-EM data provide here the evidence that,
although still inefficient, some sketches of portals already
exist in these inactive forms, supporting the relevance of
the four, functional ones observed in our model of the CFTR
open form. It has to be noted here that the local unwinding
of TM8 (see before) is located at the level of the entrance
of one of the four portals in the CFTR open form, while the
three other lateral openings are formed between unwound
TM helices (Supplementary Data 9). Of note is that winding/
unwinding of TM helices is also observed in the P-glyco-
protein 3D structure (see before), for which a recent 20 ps
coarse-grained simulation has shown that two lateral por-
tals allow phospholipids to enter the central pocket [57].
The position of these portals is close to the TM4-TM6 and
TM10-TM12 portals of CFTR, conserved between the
CFTR open and s-closed conformers.

In conclusion, the presence of four similar, narrow portals
only in the model of the open form of CFTR (Supplementary
Data 8-A) suggests that this situation may increase ion flux,
while inhibiting the entrance of larger substances.
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«Fig.7 Sequence of the N-terminal extension of human CFTR. a
Alignment of the sequences of the CFTR N-terminal extension and
from exporters of the ABCC subfamily. UniProt identifiers are indi-
cated in front of the sequences, except for the sequence of D. mela-
nogaster RE10805p (genbank identifier: ACD81872.1). Secondary
structures, as observed from the cryo-EM data (PDBID:5W81), are
reported up to the alignment, as well as the positions of hydropho-
bic clusters (b). b HCA plot of the N-terminal extension sequence
of human CFTR. In brief, the sequence is shown on a duplicated
alpha-helical net, on which the hydrophobic amino acids are con-
toured. These form clusters, the positions of which mainly correspond
to regular secondary structure limits. This representation allows the
comparison and alignment of highly divergent sequences, based
on the fact that secondary structures are much more conserved than
sequences. Horizontal clusters tend to form a-helices, vertical ones
extended structures (f-strands). At right are indicated the propensities
of the hydrophobic clusters (designated with their Peitsch and binary
codes) for the a- and f-state [80]. Clusters 2 and 4 are mainly associ-
ated with a-helices (H and h correspond to strong and weak propensi-
ties, respectively). However, clusters 1 and 3, which have ambiguous
shapes, harbor a discordant behavior [D as opposed to concordant (C)
observed for clusters 2 and 4)], being associated even more frequently
with the opposite secondary structure, depending on the amino acid
composition and/or to the environment [81]. The HCA plot of the
human CFTR N-terminal sequence is compared here to human mig-
filin (Uniprot Q8WUP2, FBLI1_HUMAN), a protein that serves as
an anchoring site for filamin-containing actin filaments. In particu-
lar, it binds to the FInA IG21 domain through its first hydrophobic
cluster [69, 72, 73]. The serine residue highlighted in black is aligned
with the CFTR serine residue S13, which is conserved among ABCC
proteins. The similar shapes of clusters 1/1’ and 2/2" are indicative of
similar 2D structures. ¢ Corresponding sequence alignment between
the N-terminal extension of ABCC proteins and members of the mig-
filin family (designated using their UniProt identifiers)

Upward movement of the NBD1 F508 region in the CFTR
open form

When compared to the experimental 3D structures of the
inward-facing apo conformation [6, 7], our model of the
open, outward-facing conformation of the CFTR chan-
nel is characterized by a significant upward movement of
the NBDI1 alpha-subdomain, carrying F508, along ICLA4,
from a position in close contact with R1070 toward another
one, in contact with L1077, thus approximately two helical
turns upward (Supplementary Data 10). This position of the
NBD1 alpha-subdomain, also present after our metadynam-
ics simulation, clearly differs from the two experimental 3D
structures of other ABC exporters in outward-facing confor-
mations (Sav1866 [58] and MsbA [59]). We, moreover, show
here that this movement is also not observed when MD sim-
ulations similar to those performed on our Sav1866-based
model of CFTR were performed on a model of the 3D struc-
ture of yeast YOR1, which was built using the same Sav1866
3D structure as template (and the alignment provided in the
Supplementary Data of [14]) (Supplementary Data 11-A).
YORI1, which works as a pump for the mitochondrial toxin
oligomycin, is asymmetric, having like CFTR a long regula-
tory insertion and a degenerate ATP-binding site, and has

an equivalent mutation to the human CFTR F508del, known
as F670del, which like CFTR also leads to misfolding and
degradation [60]. We have also analyzed the recent very
long MD simulations which have been performed on the
asymmetric TM287/288 experimental 3D structure [61]. In
their work, Goddeke and colleagues have indeed made long
all-atom MD simulations (500 ns each), starting from an
inward-facing conformation, leading to clearly recognize
three major, distinct conformers of ABC exporters (inward
facing, occluded, and outward facing). They observed spon-
taneous conformational transitions toward an outward-facing
state, similar to the Sav1866 3D structure (RMSD between
2 and 3 z&). We also observe that our model of the open
form is very close to their TM287/288 outward-facing state
(RMS 2.98 A for 449 Ca), while the TM287/288 interme-
diate occluded state is similar to the conformation of the
t-closed model (RMSD 3.15 A for 450 Ca) and to that of the
s-closed 3D structure (RMS 3.60 A for 412 Ca). No upward
movement of the NBD alpha-subdomains can, however, be
observed in the outward-facing conformation after these MD
simulations (Supplementary Data 11-B).

Upward movement is also not observed in the s-closed,
ATP-bound form of zebrafish CFTR, which as already men-
tioned before, is locked in a closed conformation. It is, thus,
possible that the movement of the NBD1 alpha-subdomain,
together with the formation of the open form-specific, opti-
mal R352-D993 salt bridge and unwinding at the level of
the block TM7-8-9, may be linked to the opening of the
channel. Of note is that the different positions of the NBD1
alpha-subdomain between the model of the open form and
the cryo-EM 3D structures of the s-closed/apo forms are
observed while the ICL4s are perfectly superimposable,
suggesting that the alternate position may be relevant at the
functional level.

We show here that this alternate conformation of the
NBD1 alpha-subdomain is further stabilized by a specific
network of local interactions (Supplementary Data 10-D).
Indeed, one can observe: (1) a strong salt bridge (2.9 A)
between R1070 and E504, (2) a n—=x interaction between
the two antiparallel tyrosine Y512 and Y563, (3) a cation—=
interaction between F1068 (within ICL4) and R560 (in
NBD1) in a full parallel contact and another one between
the same F1068 and K564 (in NBD1), and (4) an hydropho-
bic cluster around F508, including 1507, Y1073, T1076, and
L1077. Importantly, this new situation of F508 also leads to
an anti-clockwise movement of the associated loop by about
90° (Supplementary Data 10), resulting at least in a close
contact with its neighbor 1507, as well as the formation of a
salt bridge between E504 and R1070.

Some parallels can be drawn with ABC type 2 import-
ers, which are different from type 1 exporters, the family to
which CFTR belongs [62], but which share a similar ICL
coupling helix within each MSD (corresponding in ABC
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type 1 exporters to ICL2 and ICL4 or ICL2’, depending on
the fact that the exporter is encoded on a single or two sepa-
rate chains). This coupling helix docks into a cleft between
the NBD RecA-like and helical subdomains (Supplementary
Data 12). The importance of the NBD a-helical subdomain
for signal transmission toward the MSDs has been well
described for MJ1267 [63], in which an outward rotation
of this subdomain is coupled to the loss of its molecular
contacts with the ATP and the glutamine of the Q loop. As
detailed in Supplementary Data 13, similar contacts are
observed between ICLs and the NBD amino acids equiva-
lent to F508 [64, 65]. Most importantly, some ABC type 2
importers do possess a NBD-specific insertion (called the
LIVG insert), linked by allostery to the ATP-binding site
[66] and positioned in a similar “upward” position than that
observed for NBD1 F508. This observation, thus, gives
further, although indirect, credit to the likelihood of CFTR
NBDI1 alpha-subdomain “upward” position that we pre-
dicted here.

The N-terminal region

The N-terminal sequence of CFTR, upstream MSD1, is well
conserved among ABC exporters of the ABCC subfamily
(Fig. 7a), indicating that it may play an important structural
and/or functional role. The three cryo-EM 3D structures of
zebrafish and human CFTR [6-8] have revealed that these
N-terminal extensions adopt almost identical “lasso” con-
formations, also present in the cryo-EM inward-facing 3D
structures of bovine MRP1 [52] and of mouse/rat SUR1
(ABCCS) [67, 68] (Fig. 8a). The 40 first amino acids indeed
constitute a circular “noose” structure, which includes lasso
helix 1 (Lhl1, aa 11-29, split in two orthogonal helices: aa
11-16 and aa 18-29) packed against TM helices (mainly
TMI1-TM2 and TM10-TM11) principally through hydro-
phobic interactions involving for CFTR L15, F16, F17, T20,
L24, and Y28. The extended end of the lasso, long helix 2
(Lh2, aa 46-61), is tucked under the elbow helix (aa 66-72)
(Fig. 8b).

The filamin context A first issue relative to the CFTR N-ter-
minal sequence concerns its ability to interact with partners
of the membrane traffic machinery. Previous experimental
work has shown that the CFTR 20 first amino acids inter-
act with the cytoskeletal filamin (FInA and FInB) proteins,
which are known to stabilize CFTR at the cell surface by
anchoring it to the actin cytoskeleton [69]. Filamins are
large dimers of ~280 kDa subunits, which possess amino-
terminal actin-binding, calponin homology domains fol-
lowed by 24 immunoglobulin-like (IG) repeats organized
as long, linear rod-like strands, the most C-terminal repeat
mediating dimerization [70, 71]. Two flexible hinges sepa-
rate IG15 from IG16 and IG23 from 1G24, respectively. Fil-
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amin proteins crosslink F-actin to form orthogonal networks
that are responsible for cellular integrity and attachment to
membrane receptors, including ion channels. Two studies
[72, 73] have reported that IG19, IG21, and IG23 are major
components of the interaction of FInA with the N-terminal
sequence of CFTR. It has been shown that IG23 is a major
component, followed by IG19, IG21, and farther, IG17 [72].
Moreover, as highlighted in the experimental 3D structure of
the first 20 amino acids of CFTR in complex with FInA 1G21
[73], the CFTR N-terminal sequence adopts a conformation
made of a B-strand interacting in an antiparallel fashion with
the FInA 1G21 strand BC. This conformation was observed
between two FInA IG21 domains, but the IG21(B)-CFTR
interaction was thought to be an artifact, as a 1:1 stoichiom-
etry is observed in IG titration experiments [73]. We here
supported this 1:1 stoichiometry as we observed a stable
CFTR extended conformation (aa 1-22) in complex with a
single IG21(A) molecule after 50 ns of molecular dynamics
simulation (RMSD between the initial and final extended
conformations: 2.61 A). This conformation is, thus, com-
pletely different from the helical “lasso” Lhl observed in
the cryo-EM structures. Of note is that FInA IG19 and 1G23
can compete with FInA IG21 for CFTR N-terminus binding
[73] and that the CFTR serine S13 (mutated in CF patients)
plays a pivotal role in such an interaction.

CFTR s-closed conformer and filamin The most probable
partner of the CFTR N-terminal sequence within the con-
text of the s-closed conformation would be the FInA 1G23
domain, as the last filamin 1G24 domain is in contact with
the inner leaflet of the cytoplasmic membrane [74] and
homo-dimerize through its CD face. This hypothesis is sup-
ported by the recent cryo-EM structure of the Surl/Kir6.2
complex [67]. Indeed, the 307-326 segment of Kir2.1
(equivalent to the 319-338 segment of Kir6.2) was previ-
ously shown to bind to part of the 2481-2647 fragment of
FInA (end of 1G23 and 1G24) [75]. On the 3D structure of
the Surl/Kir6.2 complex [67], the Kir6.2 317-334 loop
(interacting with FInA) is located at the immediate vicinity
of the Surl1 lasso Lh1 helix. This observation, thus, provides
strong support for the interaction of the Lhl helix with the
FInA 1G23 domain. The observation that IG23 is a major
component of CFTR/FInA interaction [72] also further sup-
ports this hypothesis.

Regarding this possible interaction with 1G23, two
hypotheses can furthermore be considered: either (1) the
interaction occurs with the very N-terminal sequence (aa
1-21) in the conformation observed in the cryo-EM 3D
structures or (2) it may involve partial flexibility of this
sequence, while the other amino acids (aa 22-65) remained
in the observed lasso conformation. Indeed, the first 21
amino acids are largely found in the cryo-EM 3D structures
in coil conformations, with only aa 11-16 corresponding to
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Fig.8 Structures of the CFTR N-terminal extension: the lasso and
a possible, alternate conformation. a Superimposition of the lasso
conformations of the N-terminal extension of CFTR, in an apo, ATP-
free state [human (Hs) CFTR apo [7], PDBID:5SUAK, dark blue], in
the s-closed, ATP-bound state [zebrafish (Dr) CFTR s-closed [8],
PDBID:5W8l, light blue], in the N-terminal extension of bovine (Bt)
MRP1 [52], (PDBID:5UJA, dark pink) and in rat (Rn) SURI [68],
(PDBID:5TWYV, light pink). Two orthogonal views are displayed,
highlighting the particular conformation of this sequence segment
(left) and its contacts with TM1-TM2 and TM10-TM11 (right). b
Structure of the CFTR N-terminal extensions (light purple) in the
human s-closed conformation (“lasso”) and, as hypothesized, in the

the first part of the Lhl helix, being partially anchored to
the membrane. A particular flexibility of this last sequence
can be predicted, as it includes a hydrophobic cluster which
may fold as either an a-helix or a f-strand (see below) and as
it has been observed in an extended conformation in IG21-
CFTR complexes [73].

For further exploring our two hypotheses, we have
manually docked the PCD face of the IG23 experimental
3D structure (PDBID:2K3T) onto CFTR aa 1-21, whether

Hs CFTR apo
Dr CFTR s-closed

™10

(©)

open conformation (dark purple, this study after 20 ns MD simula-
tion). This view was done after superimposition of parts of the TM1
helices (blue, aa 65-95, RMSD 2.88 A on 31 Ca positions). The
lasso segment encompassing aa 32-48 was rotated around aa N48,
in its native conformation, leading to directly allow the association
of strands p1 and NBDI1 B2, before MD simulation. ¢ View of the
contacts that the CFTR N-terminal region is proposed to make with
NBD1 (solvent accessible surface in light blue; aa 382-645, with
strand P2 highlighted in dark blue). The segments that were experi-
mentally shown to make weak and strong contacts with a NBD1 con-
struct (aa 373-589) are shown in orange and red, respectively [82]

these amino acids are partly in helical conformation (as
observed in the cryo-EM data) or in a -strand conforma-
tion, as seen in the FLNa IG domain/CFTR complexes
[73]. The BCD face of FInA odd IG domains is indeed
known to be sometimes masked by intramolecular interac-
tions with strands BA strand of even-numbered domains
[76] but is relieved through interactions with partners
(such as the CFTR N-terminus in a B-strand conformation).
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«Fig.9 Two possible models of the hypothetical association of the
human filamin IG23 domain with CFTR N-terminus lasso. a Model
of the FInA IG23/CFTR Lhl complex, which repeatedly showed a
good stability after 50 ns of MD simulations. The carbon atoms of the
CFTR Lhl lasso are colored in purple, those of FInA 1G23 in green.
Two main interaction regions are present in this model: at right polar
contacts with Lh1 S13, S18, R21, R25, and R29 and at left hydro-
phobic contacts involving Lhl V11, V12, V15, and F16 with 1G23
V2522, M2490, and L.2521. Amino acids of TM2, TM10, and TM11
interacting with the lasso Lhl are depicted in ball and sticks. F143,
P140, M1101, W1098, and Y1032 are at the same level with respect
to the membrane than the IG23 amino acids depicted in green. In the
inset are indicated the contacts between the lasso segment including
aa K8-V11 and the beginning of the IG23-1G24 linker (in yellow),
which may strengthen the stability of the complex. This region lies
nearly perpendicular to the Lh1/IG23 main contact shown in this
panel. b Model of the FInA IG23/CFTR modified Lhl (aa 1-21).
Amino acids 1-21 are here considered in a different, extended con-
formation (fB-strand between V11 and T20), all the other parts of
the lasso remaining unmodified. The conformation presented here is
stable after 50 ns MD simulation and displays favorable interactions
with the TM1, TM2, and TM11 helices as well as with the membrane
lipids. Three of them are depicted [POP(A), POP(B) and POP(C)].
The POP(A) chain colored in light blue (between TM2 and CFTR
F16) stayed very stable along the MD simulation. The sequence L15—
W19 is colored in green. Of note is that the zebrafish CFTR sequence
(Y15-F16-F17-W18-W19), like several ABC exporters, possesses
an aromatic amino acid at position 18. The L15Y and S18W sub-
stitutions are fully compatible with the present model, with the fol-
lowing immediate contacts [CFTR Y15=FInA M2474 and C2476,
CFTR F17, POP(A), CFTR F16=POP(A), CFTR V43, H147 and
F1090, CFTR F17=FInA C2476 and Y2483, CFTR Y15 and W19,
CFTR W18=FInA 2461, CFTR W19, F143, F1090, L1091, CFTR
WI19=FInA T2454, L2462 and Y2483, CFTR F17, and W18]. The
orientation of FInA 1G23 domains is globally similar for the two
models, with a relatively small translation toward TM1 and TM2 (~8
to 9 A). 1G23 E2478 establishes a salt bridge with R25/R29 in the
first model (a) and with R21 in the second one (b)

Unmodified lasso Regarding our first hypothesis (interac-
tion of IG23 with intact lasso), we thus manually docked the
1G23 domain on the CFTR lasso Lh1, as it exists in the cryo-
EM 3D structures (Fig. 9a). The stability of the complex was
further supported after MD simulations of 50 ns. These sim-
ulations did not lead to any steric clash and instead, revealed
many contacts among which with the critical serine CFTR
S13 in the vicinity of FInA K2473 (Fig. 9a). Of note is that
this last amino acid is the immediate neighbor of V2472,
which has been reported to be critical for the interaction
of CFTR in a B conformation with FInA [73]. K2473 also
interacts with CFTR S18, which has otherwise been reported
to interact with the FInA IG21 domain within the context of
a CFTR N-terminal p-strand conformation [73].

The FInA 1G23 domain can not be stable in this hydro-
phobic environment while it is not essentially hydrophobic,
as illustrated in Supplementary Data 14. FInA 1G23 indeed
shares characteristics similar to those of the CFTR lasso
Lhl1. The contacts between the two proteins are tight and
consistent: hydrophobic contacts between V11, V12, L15,
F16 (CFTR) and L2521, V2522, M2490 (FInA), interaction

between CFTR S13/S18 and FlnA K2473, salt bridge
between CFTR R21 and FInA D2475, CFTR R25 and FInA
Q2477/E2578, and CFTR R29 and FInA E2478 (Fig. 9a).
One can also note the E2449-R2484 interaction, which
allows the presence of these amino acids in a stable way
in this hydrophobic environment. Importantly, the begin-
ning of the IG23-1G24 linker appears to be tightly associ-
ated with the K8-V11 segment of the CFTR lasso (Fig. 9a),
strengthening the stability of the complex. To the best of
our knowledge, these particular sequence features of 1G23,
rendering it particularly suited to interact with a membrane
environment, have not been reported so far. Supporting the
model of the IG23/lasso-CFTR complex is the FInA muta-
tion M2474E, which abolishes interaction with CFTR [72].
M?2474 is located in an hydrophobic environment and is the
immediate neighbor of K2473 that, following our hypoth-
esis, directly interacts with the CFTR lichpin S13.

N-ter-modified lasso The second hypothesis (interac-
tion within the context of the lasso conformation, but with
a N-terminal segment (aa 1-21) partially refolded in an
extended structure, as present in the known CFTR-FInA IG
complexes [73]) involves a particular conformational flex-
ibility of this region, which can be foreseen at the sequence
level using hydrophobic cluster analysis (HCA) [77-79].
This approach allows the prediction of the probable, most
stable secondary structure elements that are formed within
proteins. Hydrophobic clusters defined using HCA generally
well match the positions of regular secondary structures, and
a lot of them have clear secondary preferences, correlating
with their binary patterns and associated with 2D shapes
[80, 81]. As shown in Fig. 7b, the CFTR N-terminus con-
tains four hydrophobic clusters (labeled 1-4), showing the
highest conservation of amino acids. The shapes of clusters
2 (Peitsch code 785, binary code 1100010001) and 4 (Pei-
tsch code 4369, 1000100010001) are indicative of a-helices,
while those of clusters 1 (Peitsch code 413, 110011101) and
3 (Peitsch code 77, 1001101) are far more ambiguous [80,
81]. In these cases of unclear binary pattern preference, the
observed secondary structure is generally more dependent
on the amino acid sequence and on the 3D environment.
In particular, cluster 1, including the critical S13, might be
associated either with an a-helix [as observed in cryo-EM
data (Lh1, covering V11 to L15)] or with a long -strand (as
observed in the CFTR-FInA complex [73]). Local sequence
and hydrophobic cluster similarities are observed in this
region between CFTR and filamin-binding motifs, as found
in migfilin and B-integrins tails [69, 72, 73] (Fig. 7b, c). The
strong hydrophobic character of cluster 1 must, however,
be shielded in any cases by another hydrophobic area, as
observed in the lasso conformation.

The “extended” hypothesis is further supported by the
stability that we observed for this conformation in complex
with a single IG domain after MD simulation (see before).
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As this strand should be in the CFTR-FInA complex in direct ~ N-terminal extended conformation, in which IG21 of the
contact with TM helices, the IG partner must fit this hydro-  previously MD-refined IG21-CFTR complex was substi-
phobic environment, a condition that the FInA 1G23 domain  tuted by IG23. This hypothetical complex well fits the 3D
may particularly fulfills (see above). We, thus, modeled the  structure of the s-closed CFTR 3D structure in this region
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«Fig. 10 Models of human filamin in complex with CFTR N-terminus
(B-strand conformation). a Complex of the CFTR open form (model)
with the IG21 domain of FlnA. The analysis of the crystal structure
of the FInA IG21 (yellow) in complex with the CFTR N-terminus
(peptide 5-22, orange) (PDBID:3ISW [73]) suggested that this last
region of CFTR, observed in a f-strand conformation (and thus des-
ignated here as the N-ter pB-strand), may form a P-sheet with NBD1
partners (strand PBf2, light blue). The CFTR 3D structure, in which
the N-terminal region was modeled based on this observation, in
complex with the FInA IG21 domain, was then submitted to molec-
ular dynamics (20 ns), leading to observe a longer N-ter B-strand
(purple), which was stabilized by a strong interaction between S13
OG and A2281N atom. The green ribbon represents the FInA 1G21
B-hairpin 2271-2285 after MD simulations (RMSD between the two
N-ter p-strands (orange (IG21/CFTR peptide complex, PDBID:3ISW
[73]) and purple (full-length CFTR/IG21 complex after MD) and
the two f-hairpin 2271-2285 (yellow (IG21/CFTR peptide complex)
and green [full-length CFTR/IG21 complex after MD)]=1.19 A (24
Ca)). The circle indicates the region where the best superimposition
is observed. b Complex of the CFTR open form (model) with the
IG19 domain of FInA. MD simulation (50 ns) was performed on the
complex between IG19 (docked as IG21 on the CFTR N-ter B-strand)
and CFTR. IG19 remained stable along the simulation (RMSD of
1.95 A for 193 Ca atoms (IG19+aa 1-22 of CFTR) between 0 and
10 ns). Among others, an H-bond is present between S13 hydroxyl
and the V1290 carbonyl oxygen, as well as a salt bridge between
FInA D2096 and CFTR R21 and K447

and is stable along 50 ns MD simulation (Fig. 9b). Further-
more, the unusual amino acid composition between aa 15
and 19 (YFFWW in zebrafish CFTR) can also be understood
in light of this complex, as the five aromatic amino acids are
in contact either with IG23 or with the TM helices and/or
membrane lipids (Fig. 9b).

The two hypothetical positions of FInA IG23 reported
here (within the context of the lasso in intact and modified
conformations) are close to each other, E2428 establishing
a salt bridge with CFTR R25/R29 in the first case and with
CFTR R21 in the second one, both positions being distant
from 8 to 9 A by a similar orientation.

Hypothesis of an alternate path for the CFTR N-terminal
extension These two possible models for the interaction of
FInA 1G23 and CFTR N-terminus within the lasso structure,
however, likely do not account for the interactions that the
CFTR N-terminus also makes with IG19, IG21, and farther,
IG17 [72], especially as these IG domains possess hydro-
philic surfaces. They also do not account for the interaction
it makes with the NBDs, which were revealed by an overlay
assay using an overlapping peptide library [82]. These mul-
tiple interactions are likely possible in the context of the full-
length protein only if spatial flexibility (and not only local
plasticity) occurs for the N-terminal segment. We, thus, here
wanted to propose an alternate model of the N-terminus,
which can be obtained through the displacement of Lhl
by rotating the segment included between Lhl and Lh2 (aa
32-48) and keeping the position of Lh2 unchanged, as this
helix is tightly associated with its neighbors. This model,

developed here on the model of the CFTR open form, but
which is also applicable on the cryo-EM 3D structure, takes
into account structural and steric constraints, imposing to
find an existing edge p-strand at the surface of the CFTR
NBDs, able to interact with (and thus stabilize) the CFTR
B-strand included in the [V11-R21] segment, while avoid-
ing any steric clash between the so-formed CFTR N-ter/
CFTR-NBD f-sheet and an FInA IG domain. There are
only two possibilities, the edge f-strands pp2 in NBDI1
(D443-1448) and the pc6 in NBD2 (K1420-11427), this last
one located at the opposite side of CFTR being, however,
unreachable starting from the beginning of the N-terminal
extension. Rotation of the lasso aa 32-48 segment around
amino acid 48, maintaining its exact conformation observed
in the lasso, led to directly propose a favorable interaction
of cluster 1 (aa 11-19, modeled as a B-strand) with the edge
Bp2 strand of NBD1 (D443-1448) (secondary structures
were labeled as in [14]) through a groove that well adapts
the polypeptidic chain of the displaced segment (Fig. 8b, c).
Many favorable contacts are observed after 50 ns simulation,
including a small p-sheet (aa 123-L.24, in interaction with
1448 and R450) preceding the K26-Q30 helical segment
(RMSD of 3.11 A between the initial and last frames for 74
superimposed Ca positions). The stability of this NBD1 32
strand in complex with the N-terminus of CFTR was further
assessed by repeated MD simulations (50 ns). This config-
uration also allows an adequate association with the FInA
IG21 domain (as present in the corresponding structure of
the complex [73]). The stability of this ternary complex was
also assessed by repeated MD simulations (over 10-20 ns),
which, moreover, led to optimize or reveal some specific
contacts. For instance, at the level of cluster 1, a longer
B-strand (purple in Fig. 10a) is observed, which is stabilized
by strong interaction between CFTR residue S13 and the
FInA IG21 A2281N atom, as also present in the experimen-
tal 3D structure of the complex [73]. A similar interaction
was observed when MD simulation was performed on the
same complex in which the FInA IG21 was replaced by a
homology model of IG19 (interaction between S13 and the
oxygen atom of V2090, Fig. 10b). In this last case, a salt
bridge is also observed between FInA D2096 and CFTR R21
(N-terminus) and K447 (NBD1). Finally, a similar complex
can eventually be also considered between the CFTR N-ter-
minus in a B-strand conformation and IG23, which has also
been demonstrated to interact with CFTR (Supplementary
Data 15). Of note is that all the hydrophobic amino acids of
CFTR N-terminus cluster 1 (aa 11-19) are interacting with
hydrophobic amino acids belonging to either the FInA IG
domains or CFTR NBD1 (Fig. 10, Supplementary Data 15).
The following contacts, relative to FInA IG19 and to the
zebrafish CFTR, are observed for CFTR Y15 (FInA L2082.
12092, CFTIR F17, N445), F16 (FInA G2079, CFTR W18,
Y627), F17 (FInA L2080, T2094, CFTR Y15, W19, K447),

@ Springer



3850

B. Hoffmann et al.

W18 (CFTR F16, T20, K447, K615), and W19 (FInA CFTR
F17, R21, FInA Y2077, L2080, C2102).

Discussion

The nowadays available experimental 3D structures of the
full-length CFTR protein at a relatively high resolution
(mean 3.8-3.4 A, [6-8]) constitute an important milestone,
which opens new avenues for CF research [5]. However,
in the phosphorylated, ATP-bound conformation (called
here the s-closed conformation), the pore remains closed
near the extracellular entrance [8]. Zhang and colleagues
[8] have proposed that some local conformational changes
in the extracellular ends of TMS8 and TM12 would be suf-
ficient to shift from a non-conducting state toward an open
channel. There are some inconsistency with this hypoth-
esis, one being the transient occurrence of a salt bridge
typical of the open conformation (R352-D993), which on
the reported s-closed structure does not directly form due
to a too large distance and the presence of an intercalat-
ing tryptophane (Fig. 4). However, a 100 ns MD simulation
that we performed on a human CFTR model, based on the
zebrafish s-closed 3D structure [8], led to the stable forma-
tion of this salt bridge, while the channel remains closed
(data not shown), suggesting that this feature is not limited
to the open form and is in itself not sufficient to allow, at
least at this time scale, the transition toward the open form.
This salt bridge is also observed after ps-long MD simu-
lations performed on the zebrafish s-closed 3D structure,
while the channel still remained closed [10]. Other theo-
retical investigations using molecular dynamics have also
pinpointed the fact that the experimental structures do not
reconcile a chloride channel pathway for the active site [9]
and importantly, ps-long simulations have shown that the
s-closed conformation is particularly stable, including the
unwound segment of TM8 [10], suggesting that the transi-
tion toward an open conformation may involve significant
conformational change of the channel. Information about
other, especially active forms of the channel, are thus still
needed, and molecular models can offer insightful informa-
tion in this context about the conformational landscape, pro-
vided that their reliability can be assessed. This was done
for existing models first by comparison with experimental
data or by adding constraints in the modeling process [11],
and now, cryo-EM data permitted to directly check the qual-
ity of alignment used to model the CFTR structure on the
ABC exporter template(s). This is critical as comparative
modeling was challenging with the transmembrane helices
of CFTR, forming the MSDs, which share only very low
levels of sequence identity with the possible templates. It
is important to recall here that the Sav1866 and MsbA 3D
structures, used to model the open form of CFTR channel,
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are still now the only experimental templates available from
type 1 exporters at high resolution in a true outward-facing
conformation. Indeed, the recent cryo-EM 3D structure of
Pgp in an outward-facing conformation [51] also clearly
possesses features of occluded conformations, with intrinsic
flexibility of the extracellular segments and a relative closure
of the outward-facing cavity, similar to what is observed in
the CFTR t-closed and s-closed conformations (RMSD 3.60
for 412 Ca positions).

We thus first checked here, considering the cryo-EM data
[6-8], the quality of the HCA-based sequence alignment
used for modeling the CFTR structure, resulting from a
long, meticulous analysis of the whole ABC exporter family,
and leading us to propose after non-constrained molecular
dynamics simulations models of the open and closed (called
here t-closed) conformations [14]. We observed a striking
correspondence between the amino acids of the models and
of the cryo-EM 3D structures after structural superimpo-
sition, providing thereby an unambiguous support of our
theoretical studies. Based on this agreement, the knowledge
of both the apo (cryo-EM) and open (model) forms of CFTR
allows to describe an astonishing simple global conforma-
tional path linking the two extreme states. Indeed, the CFTR
protein can be divided into two large blocks, named block-
NBDI1 and block-NBD2, whatever its conformation (open
or closed) is. Such blocks can each be well superimposed
between the experimental and theoretical structures and can
be connected around pivot regions (centered on aa 202, 350,
990, and 1145) (Supplementary Data 16). Each block is con-
stituted by the corresponding NBD, the two associated ICLs
(ICL4 and ICL1 for NBD1, and ICL2 and ICL3 for NBD2)
and the associated TM helices. Only a local difference is
observed at the level of the alpha-subdomain of NBD1,
which moves upward in the open form of the channel along
ICLA. This different conformation, apparently specific to the
open form, appears to be stabilized by strong interactions
occurring within NBD1 and between NBD1 and ICL4. We
then observed that each of the two extreme conformations of
CFTR can be reconstituted by considering the blocks defined
on the other conformation, with some local flexibility around
the pivot regions, i.e., the open form being based on the
blocks observed in the apo cryo-EM 3D structure and the
apo form being based on the blocks predicted in the model
of the open form (Supplementary Data 17). Thus, such a
relatively simple mechanism may account for the confor-
mational transitions between the different forms. Interest-
ingly, Zhang and colleagues [8] also proposed to describe
the conformational transition between their cryo-EM apo
and s-closed conformations as rigid-body displacements of
two halves, and exploited this framework to highlight the
possible local conformational changes (at the level of the
ends of TM8 and TM12) that may account for the ion path
closure of the channel in the s-closed form.



Combining theoretical and experimental data to decipher CFTR 3D structures and functions 3851

The local conformational differences that we observed
at the level of individual TM helices between cryo-EM and
our models of the CFTR open and t-closed forms indicate
key elements which may play a critical role in the transi-
tion of the channel into active forms, features which were
not yet resolved when considering the very recent cryo-EM
structure of a phosphorylated, ATP-bound form of CFTR.
Without rank in order of importance, the presumed and
perhaps linked key events within the MSD:NBD assembly
appear to include: (1) a more canonical position of the TM8
helix, as this one, stabilized by tight interactions with TM6
and TM5, interferes with the anion flow in the current cry-
0oEM 3D structures [10], (2) the displacement of F508 and
the residues in its immediate neighborhood in the upward
direction (in the direction of the membrane surface), the
contact with ICL4 being maintained, and (3) the formation
of four equivalent lateral portals at the level of the ICLs.
These specific features, involving local unwinding of TM
helices and NBD1 o subdomain movement, are observed
without any other striking irregularities or instability, sug-
gesting that they may be associated with specific functional
features of the channel (as this was also suggested relative to
the unwinding of TM8 observed in the cryo-EM 3D struc-
ture [8]). Of note are other recent theoretical studies on a
top-closed/bottom-closed homology model, which have also
highlighted one portal corresponding to the TM4—-TM6 one
described in our model [9, 15]. The presence of portals has
not been discussed in another recent refined model of the
outward-facing model based on cross-linking experiments,
which was built together with an inward-facing one to
understand the CFTR pore structure [16]. This pore struc-
ture shares many similarities around the selectivity filter
(involving TM1, TM6, and TM12) with that observed in our
t-closed model, as well as in other homology models [15].

The recent cryo-EM 3D structures (apo and s-closed
forms [6—8]) have highlighted the particular “lasso” con-
formation adopted by the CFTR N-terminal sequence, spe-
cific for the ABCC subfamily members. The importance of
this region is underscored by several CF mutations [83].
This region is also known to interact with multiple cellu-
lar partners (e.g., [84—88]) and is critical for maintaining
a right balance between cytoskeletal tethering and endo-
cytic trafficking. Of these partners, filamins (FInA and
FInB) tether the CFTR protein to the membrane-proximal
actin cytoskeleton and regulate its surface localization
and dynamics [69]. In this context, we propose here that
the CFTR N-terminus aa 11-19 may be able to interact
with FInA IG domains using different local conforma-
tions (a-helix or B-strand) and spatial positions (at the
level at the MSDs or in contact with NBD1 strand pp2),
depending on the FInA IG domain which is involved in
the interaction. Such plasticity of the N-terminal exten-
sion was already suggested in an independent comment

[89], proposing that the lasso conformation might rotate
outward like an extending arm, and adopt different
conformation(s), to be able to interact with partners of the
membrane traffic machinery as well as with the R domain
(reviewed in [4]). In particular, the intermolecular inter-
action of the N-terminus with the R domain suggested by
others [90] is not observed in the present cryo-EM 3D
structures, where there is no direct contact with the elec-
tron density corresponding to this last region [6]. Thus,
these multiple and exclusive interactions, possibly involv-
ing distinct filamin IG domains (IG23, 1G21, IG19) and
different conformations of the CFTR N-terminal exten-
sion, may ensure a good stability of the CFTR protein at
the membrane, regardless of the conformational state of
the channel. Concerning this particular issue, it appears
that the modeled open conformation of CFTR may not
be reached in the presence of such a “lasso” conforma-
tion, as present in the cryo-EM 3D structures of CFTR.
Indeed, the open conformation is characterized, relative
to the cryo-EM 3D structures, by large movements of the
TM7-TMS pair of helices (linked by the large extracellular
loop ECLA4, containing the two N-glycosylation sites N894
and N900) as well as of the pseudo-symmetric TM1-TM2
pair (Supplementary Data 18). These movements may,
thus, compromise the position of the N-terminal sequence
in a lasso conformation at the interface with the mem-
brane-spanning domains, and it is, thus, possible that the
transition toward an open form is associated either with a
local rearrangement or by a more drastic reorganization,
as proposed here with the NBD1 strand fp2 interaction.

We observe that several sensitive regions (R347, R352,
W1145, TM8 unwound segments, Lh1 lasso) lie within the
membrane at the level of the four pivots (aa 202, 350, 990,
and 1145), therefore supporting their mutual importance
(Supplementary Data 19).

Finally, one can also hypothesize that the IG domain
string should remain in quasi-constant contact with the pro-
tein, independently of the association with the CFTR N-ter-
minus. Of note is that the hydrophobic character of a part
of the FInA IG23 domain (predicted here to interact with
the lasso conformation) might be associated with a stable
anchoring at the membrane, even in the case of a possible
conformational change leading to an alternate, NBD1 2
associated position of the N-terminal extension. In this con-
text, FInA 1G21 may maintain a possible interaction with the
lasso Lh2. In contrast, when the CFTR N-terminal exten-
sion leaves this NBD1 B2 associated position, the FInA 1G
domain (here thought to correspond to IG19) is left with-
out partner. However, a direct association of an FInA IG
p-strand with CFTR strand pp2 remains possible (the two
strands are parallel and only 3 A distant from each other), as
further supported by the stability of the so-constructed com-
plexes observed after a 10 ns MD simulation. This additional
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interaction might, thus, contribute to stabilize CFTR in the
absence of the N-terminal extension.

Consistent with the two main possible positions of the
CFTR N-terminal extensions (lasso and NBD1 Bf2) and
associated FInA domains, it is possible to speculate about
hypothetical linear paths of FInA IG repeats arranged in
a head-to-tail manner, at the surface of NBD1 and link-
ing IG19 (in contact with the CFTR N-terminal extension
associated with NBD1 strand pp2) to IG23 (in contact with
the lasso Lhl, close to the MSDs) (Supplementary Data
20). IG21, located between IG19 and 1G23, may be able to
interact with the lasso Lh2 helix in both the main confor-
mations of the N-terminal extension, an interaction involv-
ing CFTR aa 72-80, Supplementary Data 21-22). The 35
amino acid-long hinge between 1G23 and 1G24 is clearly
made of two different parts. The first one possesses a rela-
tively long, extended, well-conserved sequence (VFVDSLT,
aa 2533-2539), while the second one is predicted as a highly
flexible loop. With respect to the position of this hinge
between 1G23 and 1G24, the extended, p-strand conforma-
tion is here predicted to be associated with the CD face of
the 1G22 domain, positioning the 1G24 domains (from both
subunits of the dimer) in contact with the polar leaflet of the
membrane. Thus, in this model, the FInA 1G21, 1G22, and
IG23 domains may be favorably associated with the lasso
conformation (Supplementary Data 22). It should be noted
that only NBD1, but not NBD2, is involved in these multiple
contacts, meaning that the separation of the two NBDs in the
apo conformation should not interfere with filamin binding.

Finally, it is worth noting that the predicted, alternate
position of the N-terminus sequence wrapping around NBD1
might offer some avenues to be explored for stabilizing this
domain, which is known to be particularly thermally unsta-
ble when carrying the F508del mutation [91-93]. Qualita-
tively, the present hypothesis is consistent with the observed
strength of CFTR-FInA interaction (IG23, IG19, IG21, and
IG17, in a decreasing order [72]). Indeed, 1G23 displays
many contacts, followed by IG19 and then IG21. The pos-
sible association of IG17 remains presently unknown at the
structural level.

These considerations about the N-terminus conforma-
tional versatility might also apply to the whole ABCC fam-
ily, in which this sequence is uniformly conserved. Along
these lines, it is also noteworthy that the access to the edge
strand P2 from NBD1 B-subdomain (or a newly formed
one upon binding of CFTR N-terminal extension) is also
possible for the N-terminal extension of SUR1, even in the
presence of the preceding TMDO domain (specific for this
protein), due to the flexibility of the LO segment separating
TMDO from TMD1 [aa 190-220 (data not shown)]. A simi-
lar situation might occur for MRP1, even though this region,
which was described as critical for the protein function [94],
is presently described with fewer atomic details. Indeed,
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starting from P205 at the beginning of the lasso in the 3D
structure of MRP1, it is also possible to build a f-strand
(aa 1219-W223) which may contact the linear segment
(H622-1.625) within the linker between TMD1 and NBD1
(data not shown), leaving unchanged the TMDO domain,
which was in contrast demonstrated to be required neither
for the MRP1 transport function nor for its targeting to the
plasma membrane [94]. Also, within the complex structure
of yeast Yorlp, a linker between amino acids 159 and 195
may likely play a similar role (data not shown).

Metadynamics simulations have already been applied
to the study of complex mechanism of ion permeation and
gating in other ion channels [95]. Here, these allowed us to
further explore the path linking the open and t-closed con-
formers of CFTR, which involves only limited movements
of transmembrane helices. Interestingly, our metadynam-
ics simulations led us to observe that the t-closed form was
energetically favored over the open form, the free-energy
difference between the two conformations being similar to
that provided by the hydrolysis of ATP into ADP. This sug-
gests that the CFTR structure might spontaneously move
relatively quick from an open to a closed state, leading to
small movements of the NBD1 helical sub-domain favor-
ing hydrolysis at the canonical ATP-binding site (closer to
the F508 region than the non-canonical site). After ATP
hydrolysis, a new ATP molecule may immediately enter the
canonical ATP-binding site and restore the CFTR open state.
Our metadynamics simulations, thus, open new perspec-
tives to understand structural changes at the ATP-binding
site associated with the gating cycle. Metadynamics simu-
lations will also be performed in the future to understand
the accessibility of the open/s-closed conformation from the
s-closed cryo-EM 3D structures and get more insights into
the particular behavior of TMS.

Metadynamics simulations also allowed to sample addi-
tional relevant conformations, as this is exemplified here
with the amino acid R117 (within the TM1-TM2 loop). The
R117H mutation, associated with a mild form of the disease,
is characterized by a moderate reduction of conductance
but strong gating defects, indicating gating-state-dependent
interactions [96, 97]. This amino acid forms, in both the
open and t-closed forms analyzed here and extracted from
the metadynamics simulation, a stable and strong salt bridge
with E1124 (within the TM11-TM12 loop, main distance
below 3 A) and, therefore, maintains contact between the
two MSD blocks. In our initial model [14], these distances
were longer (between 5.5 and 5.8 A). In the apo and s-closed
forms, this amino acid is not implicated in such contacts
but alternatively establish multiple local bonds with the
carbonyl main-chain atoms of the TM1-TM2 loops (Y109,
D110, N113, E115 and H114, E115, E117 for human apo
and zebrafish s-closed conformations, respectively). Of note,
TM1, TM2, and TM11 are the transmembrane helices in
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contact with the lasso. This clearly different behavior is in
good agreement with the recent comments of the Csanady’s
team [98].

In conclusion, although there are still many unanswered
questions, the now available structural data may allow us
to speculate about a possible scenario for the CFTR gating
cycle. Experimental work has proposed a sequential mecha-
nism in which NBD1/NBD2 dimerization in the presence
of ATP is followed by pore opening [98, 99]. Accordingly,
CFTR phosphorylation and ATP binding may first conduct
to an intermediate, occluded state identical or similar to the
s-closed state. Then, large conformational changes at the
level of the TM7-TMS8 and TM1-TM2 helices, perhaps
associated with flexibility of the N-terminal extension, as
well as with an upward movement of the F508-containing
NBD1 a-subdomain could permit to reach “active confor-
mations”, quickly shifting between open and t-closed forms
via, respectively, ATP hydrolysis and ATP binding at the
canonical ATP-binding site. The return to an s-closed/apo
state would intervene only after ATP hydrolysis at the non-
canonical-binding site. Obviously, sophisticated experimen-
tal work is still needed to support these predictions and gain
further insights in the complex, dynamic behavior of the
CFTR channel.
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