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Abstract: ABC proteins are large transmembrane efflux pumps that export substrates against the
concentration gradient through ATP hydrolysis. Due to their efflux capabilities, they are crucial in
drug metabolism. Point mutations in ABC proteins can lead to many forms of illness by causing
protein misfolding and misbehavior. CFTR, or ABCC7, is a member of this transporter family,
which, when mutated, can lead to cystic fibrosis, the most common life-shortening rare disease.
Herewith, we report on a refined and functional model of CFTR using in silico methods, aiming at
further understanding anion permeation and the impact of different mutations on the gating mech-
anism to bring light on ways to reverse mutations’ effects.
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1. Introduction

Cystic fibrosis (CF)is a genetic disorder mostly found in European populations, spe-
cifically those from northern Europe. It is estimated to affect over 100,000 people world-
wide, causing progressive damage to the lungs and pancreas [1]. Due to a very low life
expectancy associated with this condition, CF has been considered the most common
deadly genetic disorder of children in these populations. However, advancements in CF
therapeutics from recent decades have enabled those affected to live, on average, close to
50 years [2].

The gene responsible for CF and coding for the cystic fibrosis transmembrane con-
ductance regulator (CFTR) was successfully cloned in 1989 by Riordan and coworkers [3].
Since then, several therapies have been developed to improve the life expectancy and
quality of these patients by targeting the genetic defect. This proved to be quite complex,
as today, more than 2000 mutations in the CFTR gene have been found to cause CF. De-
spite this variety, around 80% of CF cases present a deletion of residue F508, making it the
most problematic and common mutation [4]. Thus, targeting this variant has been the
main goal of CF research in the past few decades.
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The discovered CFTR mutations were grouped into 6 main classes, regarding their
effects in cellular phenotypes. Class I is related with a lack of expression, class Il is char-
acterized by folding disabilities, and class III is associated with gating defects. Class IV is
marked by conductance defects, while class V mutations lead to a significantly lower
quantity in CFTR proteins and class VI mutations produce a very low amount of surface
proteins. The F508del mutation is a class II mutation, meaning the CFTR protein fails to
fold properly and is flagged for proteosomal degradation [4-6]. Hence, designing thera-
pies for this phenotype can be achieved by focusing on rescuing the CFTR protein by cor-
recting protein folding and increasing its activity.

To date, the most successful therapy option in the market for this deletion is a com-
bination of three modulators named Trikafta. Trikafta is the FDA approved therapy com-
bining the effects of two folding correctors (VX-661 or tezacaftor and VX-445 or elexa-
caftor), necessary to rescue the defective protein, and a gating potentiator (VX-770 or Iva-
caftor) which boosts gating function [4,5]. Despite the overall success and applicability of

this form of therapy, the full mechanism of action of some of these compounds is not yet
fully understood and insights into many of the rare mutant forms are scarce. Hence, a
functional model of the CFTR protein would be valuable for understanding structural ef-
fects and details of these interaction changes.

CFTR, also known as ABCC?7, belongs to the ABC (ATP-Binding Cassette) superfam-
ily of proteins. It differs from most other proteins in this family, as many are known mem-
brane transporter proteins while CFTR is an ion channel, using ATP binding and hydrol-
ysis in anion translocation [7]. Still, CFTR shares structural similarities with many proteins
in this family: it features two transmembrane domains (TMDs) that cross the membrane
facilitating substrate crossing and two nucleotide binding domains (NBDs), facing the cy-
toplasm, that are responsible for ATP recognition, binding and hydrolysis [8]. However,
the architecture of the CFTR protein differs from other ABC transporters in the regulatory
domain (R domain) [7,9].

Over the years, electrophysiological studies have demonstrated the importance of
the R domain in the substrate transport process. This domain needs to undergo phosphor-
ylation by protein kinase A (PKA) to allow the shift between the closed and open channel
states [7,9,10]. Despite the importance of this domain, and the increasing number of avail-

able crystallographic structures, a resolved structure of the protein including the R do-
main does not exist, as of today. It is our opinion that a functional and refined model of

the CFTR protein would be quite important to fully understand the mechanistic aspects
of ion translocation, effects of modulators and correctors, and effects of point mutations
in the CFTR protein.

Chen and coworkers postulate that some regions of the CFTR R domain are likely
helical [9]. However, due to being mostly unstructured and quite long, a full refined model

of this domain does not yet exist. To circumvent this, we researched functional R domain
deletions. We found that deleting aminoacids 708-835 generated a CFTR channel that was
constitutively active [11]. Thus, by deleting this portion of the R domain, we generated an

active channel that can be useful to study CFTR mechanics and the effects of aminoacid
mutations and deletions.

2. Methods
The CFTR atomistic model was built starting with the cryo-electron microscopy (cryo-
EM) 602P deposited in the protein data bank (PDB) [12]. Although this structure describes

the interaction with the ivacaftor potentiator, several segments could not be atomistically
resolved although it is, so far, the most complete resolved sequence.
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To obtain a complete and functional atomistic model, we followed a protocol already
successfully used to build the atomistic structures of Pgp [13] and BCRP [14]. Specially in
the case of Pgp, the importance of including missing sequences that are relevant for func-
tion and/or structural stability was quite clear [13,15].

The third chain of PDB structure 602P containing co-crystallized molecules/ions like
ATP, was removed and the protein was saved in a PDB file to be used as the starting point
for model building. The second protein chain, containing a short sequence for which the
side chains were not resolved, was kept to be used in the modeling. Both ATP and the
corresponding magnesium ions were also saved on another file to be later included in the
simulations. All other molecules were not used.

The missing segments were built using the Molecular Operating Environment (MOE
v2019.01 [16]). Three short missing sequences exist between amino acids 410-436 and
1174-1201 doops connecting a TMD with the NBD that follows in the sequence), and 890-
899 (extracellular loop 4, uniting helices 7 and 8). The R domain (638-844) that needs to be
phosphorylated to allow the channel to open, is also mostly unmapped. However, for 17
amino acids (half organized as helix) although their position is known, the side chains are
not resolved and, therefore, their relative position in the sequence is unknown.

For small missing sequences, a search was made in MOE using the Loop/Linker Mod-
eler module and the best scored loop was used. However, since the R domain is too large
to be correctly modeled and positioned, we used a different approach. Experimentally, it
was demonstrated that the R domain could be shortened while keeping the CFTR function
[11].

To model the end part of the R domain sequence until Thr844, the “predictprotein”
server was used [17]. The mapped helix starting at Thr845 to I1e853 was included in the
sequence uploaded to the server to match this helix sequence with the prediction and to
assign the rest of the sequence. MOE's Protein Builder was used to build this sequence as
predicted by the server. For the remaining R domain sequence, the MOE’s Protein Builder
was also used by choosing an extended geometry conformation for each added amino
acid, always followed by a simple energy minimization using default parameters and
linking the last added amino acid to the next known amino acid position.

All the added protein sequences were assembled in a PDB file. To correctly maintain
the physiological function of CFTR, the experimentally known amino acids that need to
be phosphorylated, were phosphorylated using the CHARMMS36 force field used
throughout. The experimentally reported phosphorylated amino acids kept in the CFTR
model where Ser422 (in NBD1), and Ser660, Ser670, Ser700, in the R domain [18]. When
needed, the charmm-gui web server was used to convert MOE's PDB to the corresponding
CHARMMB36 atom types. To allow the newly modeled sequences to better adjust to their
environment, the assembled CFTR protein was solvated and neutralized to be used in a
NVT simulated annealing from 303 to 323 K using 10 points for a total simulation time of
10 ns, while keeping all protein position restrained but the added sequences. Except when
otherwise stated, all simulations were executed in GROMACS (v2019.3).

A POPC bilayer containing 512 lipids and 20,480 water molecules was assembled
from a previously used smaller POPC patch. This patch in water was equilibrated at NpT
(1 bar, 303K), using parameters like those used for the fully assembled CFTR system and
described below. The g_membed GROMACS (v4.6.2) program was used to embed the
CFTR on the POPC bilayer patch and the position of the membrane relative to CFTR was
defined using information obtained from the OPM database [19]. The number of lipids
with the CFTR embedded in the bilayer was reduced to 468.

The system containing the CFTR protein embedded in the POPC patch and the ATP
and magnesium ions previously saved from the 602P PDB structure were solvated. Other
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ions were also added to neutralize the system and the final system contains 468 lipids,
65,170 waters, 24 chlorine ions, 11 sodium ions, 2 ATP and 2 magnesium ions in a box of
size about x =125, y =131 and z=166 A. An energy minimization using the steepest descent
algorithm and default converging parameters were used and an NVT simulation was per-
formed for just 50 ps to complete the fast adjustment of atoms and to let pressure stabilize.

A runat NpT is conducted for 200 ns to equilibrate the system followed by 3 replicates
starting with different velocities sampled from the respective Maxwell-Boltzmann veloc-
ity distribution in accordance to a temperature of 303 K to collect statistics for production
analysis. In all simulations, periodic boundary conditions (PBC) were applied in all three
axes. For NVT, the Nosé-Hoover thermostat [20,21] was used with a coupling constant of
0.2 ps.For NpT simulations, a Parrinello-Rahman barostat [22-24] with a 5 ps semiisotropic
(x and y) coupling and a system compressibility of 4.5 x 10-°bar~! was used. The time-step
was 2fs, and data was collected periodically to trajectory and energy files.

The Particle Mesh Ewald (PME) summation method for the electrostatic interactions
used cubic interpolation, with an identical cutoff radius for electrostatic and short-range
Lennard-Jones interactions (12 A), was employed. The SETTLE (for water molecules) o
LINCS algorithms were used to constrain bond lengths with hydrogen atoms.

3. Results and Discussion

After the system was built and calibrated, it became imperative to analyze and test
the overall system health, guaranteeing no significant alterations resulted from the dele-
tion. In Figure 1, the system’s structural fluctuations during a 500 ns production run can
be observed. The root mean square deviation (RMSD) of alpha carbons belonging to the
protein main chain was used to study the system stability. The three modeled missing
regions present significantly higher RMSD values than the rest of the protein, suggesting
much higher mobility and the underlying reason for the lack of structural information in
the experimental structures deposited in the PDB. The R domain, due to having been
spliced in our model, tends to stick to the body of the protein and presents significantly
lower movement. Our results show that this shorter domain model could probably be
determined by cryo-EM, shedding light on a shorter but functional R domain.

The TMDs and NBDs are quite stable along the simulations and the contributions of
the added protein sequences has a smaller impact in the global changes of the protein.

= Full Protein = Rdomain = Modeled Region 3 TMDS
= Modeled Region 1 Modeled Region 2 — NBDs
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Figure 1. (a) —Representation of the CFTR model. Ions are represented in light and dark blue
spheres. Protein helices are in purple and beta sheets are in yellow. Lipid bilayer is in light blue



Chem. Proc. 2024, 6, x FOR PEER REVIEW 5 of 8

sticks with orange phosphates and, for clarity, waters were not depicted. (b) —Root mean square
deviations over a 500 ns production run. Total modeled protein RMSD in black, TMDs in orange
and NBDs in red. Modeled regions 1 (amino acids 410—436), 2 (890-899) and 3 (1174-1201) are in
green, yellow and purple, respectively. R domain RMSD is represented in blue.

To further understand protein stability, a root mean square fluctuation (RMSF) anal-
ysis was performed on the modeled CFTR, measuring the average deviation of atomic
positions from their mean positions over time. In Figure 2, the specific modeled sequences
can be compared to the fluctuation of all other residues. Herein, it is possible to verify that
the most mobile regions are indeed the four regions missing in the original structure.

14 4 Green

Blue Purple l

4 ( J
¥ VUMJ m ,\“JML, kuww/'u Lt \'\V

0 800 1000 1200
Re5|due Number

O

(b)

Figure 2. (a) —CFTR represented in cartoon. Modeled sequence 1 (amino acids 410-436) is in green,
the R domain is in blue and modeled sequences 2 (890-899) and 3 (1174-1201) are in yellow (loop
on the top of the structure) and pink, respectively. (b) —Root mean square fluctuations per protein
residue. Higher peaks mean larger average deviation from the mean atomic positions.

As an ion gate, CFTR needs to be open to both ions and waters. Hence, to check our
system for functionality, we analyzed the pore in the center of the protein. In Figure 3, the
transmembrane region of the protein (where most waters accumulate, and ions diffuse)is
visible. Aside from the standard water flow that was observed, we found that some chlo-
rine ions could move in and out of the protein pore (maximum of two; no sodium ions
were ever found inside the channel) but never transpose the bilayer to the what corre-
sponds to the extracellular space (there is no ion gradient and, due to the PBC, both sides
of the bilayer are in indirect contact trough the simulation box xy wall). Moreover, waters
seem to stack outside the main pore, near the proposed binding site for Ivacaftor. This find
is very interesting and requires further investigation, as it could lead to a greater under-
standing of one of the most powerful CFTR potentiator compounds with specific charac-
teristics to bind in a quite peculiar environment: hydrophobic helices of the protein,
matching the hydrophobic slab of the bilayer although in a pocket that attracts water mol-
ecules.
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Figure 3. Cartoon representation of the CFTR ion channel with waters crossing the pore. Waters are
represented as red and white spheres and protein TMD in purple. Waters inside the bilayer and
outside the pore can be seen on the left side. A chlorine ion inside the channel is depicted as a large
cyan ball.

4. Conclusions

Herein, a functional CFTR refined structure was obtained (DeltaR(708-835)-CFTR) that
correlates to the behavior of the WT CFTR with one or two chlorine ions moving sponta-
neously to and inside the channel. In fact, in a following simulation already performed of
a mutated model (G85E; not yet published), the chlorine ion is very quickly evicted from
the channel and, in opposition to the present sliced WT model, no other chlorine ion ever
returns to the channel. This needs further analysis and evaluation, but could be the basis
for understanding the mechanism of cystic fibrosis condition due to this mutation and
could be used to further simulate other CFTR mutated structures. Through this work, the
chlorine ion channel exit could be determined and the binding site of the potentiators and
their mechanism of action can be clarified in the future.

Although several new experimental structures became available, there are few com-
putational models so far. One model by Tieleman and co-workers used the incomplete
structure of the zebrafish to study the structural role of TMS8 [25]. Another zebrafish CFTR

model by Hegediis and co-workers [26] used metadynamics simulations to reveal two
possible exits on the channel and, more recently, Pomes and co-workers [27] used strong
hyperpolarizing electric field to study the translocation of chlorine ions. However, alt-
hough these simulations used models corresponding to a phosphorylated state, none used
an atomistic description containing phosphorylated residues which can impact the behav-
ior of the models and, like the herein described model, only the latter used the human
CFTR sequence.
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