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SUPPLEMENTAL MATERIAL 

METHODS 
The structures of both the ATP-free (PDB ID: 5TSI) (1) and ATP-bound (PDB ID: 5W81) (2) zebrafish CFTR were used 

for MD sinulations. Each protein system was inserted in a POPC bilayer using the g_membed tool (3,4), and solvated using 

the TIP3P water model (5). 0.15 M NaCl, to mimic the physiological ion strength, and counterions to neutralize the system 

were added. Each simulation system (ca. 13 nm x 13 nm x 16 nm in x, y, and z) contained 1 protein molecule, ~500 lipids, 

~60000 waters, and ~500 ions in total. Simulation of the ATP-bound state also contained 2 ATP molecules and 2 Mg2+ 

atoms. Due to missing extracellular and intracellular residues in the structure, charged termini were used for residues at the 

break points, as well as the residues at the N- and C-terminal of the protein. Missing residue sidechains in the ATP-bound 

system were added using PyMol (The PyMOL Molecular Graphics System, Version 2.0 Schrödinger, LLC). These residues 

were His114, Glu115, Pro116, Glu117, Arg118, Val1127, Thr1129, Asn1130, Gln1131, Asp1132, Lys1133, Pro1134, and 

Gly1135. 

Molecular dynamics (MD) simulations were conducted using the GROMACS v. 4.6.5 package (6,7), with an integration 

timestep of 2 fs, using AMBER99SB-ILDN (8) and Slipids force fields (9,10) for the protein and lipids, respectively. The 

parameters from (11) were used for the ATP molecules. The temperature was maintained at 310 K using the v-rescale 

algorithm (12) and a relaxation time of 0.5 ps. Semi-isotropic pressure coupling and Parrinello-Rahman algorithm (13,14), 

with a relaxation time of 10.0 ps, were applied to maintain the pressure at 1 bar. The LINCS algorithm (15) was employed 

to constrain all bonds. A cutoff of 1.0 nm was used for van der Waals interactions and electrostatic interactions. The long-

range electrostatic interactions were treated using the Particle Mesh Ewald (PME) algorithm (16,17). For each simulation, 

prior to the production run, we performed a 20 ns equilibrium simulation with position restraints applied on all the protein 

non-hydrogen atoms (using a force constant of 1000 kJ/(mol nm2), followed by 5 ns simulation with position restraints 

applied only on the backbone atoms, and 5 additional ns with position restraints on the a-carbons only. The simulations 

carried out in this study are summarized in Table S1. 

ANALYSES 
 

The secondary structure analysis was carried out with the GROMACS v. 4.6.5 do_dssp tool, which uses DSSP libraries 

(18,19). RMSD, distances, minimum distances and the dynamic selection of number of water molecules or phosphate atoms 

were computed using the corresponding GROMACS tools. The number density analysis, applied to the last 50 ns of each 

simulation, was carried out for water molecules using the method previously described in (20). All the voxels with a density 

value that is above 50% of the maximum observed density value were displayed as volume maps with PyMOL (The 

PyMOL Molecular Graphics System, Version 1.7 Schrödinger, LLC). The figures were generated with PyMOL or VMD 

(21). Matplotlib libraries were used for plotting (22). 
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SI TABLES 
Table S1. Simulations performed in this study. For each simulation, the equilibration steps described in the Methods 

section above were carried out independently, to ensure a greater degree of independence of the simulations and increase 

the degree of sampling.  

 

System Simulation length Simulation 

ATP-free 1 µs Run 1 

 500 ns Run 1 

  Run 2 

  Run 3 

  Run 4 

ATP-bound 1 µs Run 1 

 500 ns Run 1 

 

 

Table S2. Human CFTR (hCFTR) residues corresponding to the zebrafish CFTR (zCFTR) residues pairs analyzed in this 

work. 

Residue pairs 

zCFTR hCFTR zCFTR hCFTR 

Y925 Y917 S342 S341 

Y927 Y919 S877 S875 

E932 D924 R348 R347 

S933 T925 F312 F311 

M937 M929 Y305 Y304 

M937 M929 Q1004 Q996 

R941 R933 E871 E873 
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SUPPLEMENTAL FIGURES 
 

Figure S1. Overall protein conformation of the ATP-free CFTR system.  

A. Snapshots of the simulation system taken at 0 (top panels) and 1 (bottom panels) µs. TMD1 and NBD1 are shown in 

dark gray surface, while TMD2 and NBD2 are shown in light gray surface. The residues forming the coupling helices (CHs) 

are colored in blue, orange, red and green for CH 1, 2, 3 and 4, respectively. The phosphate atoms of the POPC molecules 

are shown in dark-red spheres. B. RMSD values for the TMDs, TMD1, TMD2 (black, dark and light gray line, respectively) 

and the NBDs, NBD1, NBD2 (black, dark and light gray line, respectively). C. Snapshots of NBDs taken at 0 and 1 µs to 

highlight distances between the CHs sampled during the simulation. Colors are as in A. D. Distances between the αC-COM 

(α-carbons center of mass) of the CHs and between NBD1-NBD2, shown as a function of time. 
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Figure S2. Overall protein conformation of the ATP-bound CFTR system.  

A. Snapshots of the simulation system taken at 0 (top panels) and 1 (bottom panels) µs. Colour-coding as in Figure S1. C. 

Snapshots of NBDs taken at 0 and 1 µs. D. Distances between the αC-COM (α-carbons center of mass) of the coupling 

helices (CHs) and between NBD1-NBD2, shown as a function of time. 
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Figure S3. Stability of the unwound segment of TM8 over the 1 µs long simulations.  

A. The secondary structure analysis of the TM8 residues 921-951 is shown as function of time for the ATP-free (top panel, -

ATP) and ATP-bound (bottom panel, +ATP) 1 µs-long simulations. B. Superimposition of the TM8 conformations 

extracted every 200 ps over 1 µs of simulation time. Each snapshot shows TM8 in transparent blue (ATP-free system) and 

orange (ATP-bound system) cartoons. All the snapshots were aligned to the structure extracted after 1 µs of simulation time 

based on the a-carbon atoms only, after progressive fitting. Shown are also TM7 and TM5 at 1 µs of simulation time. 
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Figure S4. Stability of the unwound segment of TM8 over the 500 ns-long simulations. 

The secondary structure of the TM8 residues 921-951 is shown as a function of time for the four 500 ns-long ATP-free (-
ATP, left panels) and the 500 ns long ATP-bound (+ATP, right panel) simulations listed in Table S1.
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Figure S5. Y925 - S342 distance profile in the ATP-bound (+ATP) simulations.  

A. The distance between the a-carbons of  Y925 and S342 is shown as a function of time for the ATP-bound 1 µs- and 500 

ns-long simulations. B. Snapshot taken at 500 ns from the 500 ns-long simulation showing the lack of hydrogen bond 

interaction between the side chain of Y925 and S342. The protein is viewed from the extracellular side, as in Figure 2B. 

Y925, S342, Y927 and S875 are shown as sticks. 
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Figure S6. Probability distribution of hydrogen bond interactions.  

A-C. The probability distribution of the number of hydrogen bonds detected between the selected residues pairs is shown in 

blue for the ATP-free (-ATP) simulations and in orange for the ATP-bound (+ATP) simulations. The probability 

distribution was calculated considering all the ATP-free or ATP-bound simulations at once. For each panel, a close-up view 

of the selected pairs is shown using the ATP-free and ATP-bound structures obtained after 1 µs of simulation time. TMD1 

and TMD2 are shown in dark and light gray cartoons, respectively, with TM8 highlighted in blue (-ATP) or orange (+ATP). 
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Figure S7. Evaluation of a possible membrane and water defect around TM8.  

A. The number of lipid phosphate atoms within 8 Å of R941 and E871 is shown as function of time for the 1 µs-long (left) 

and 500 ns-long (right) simulations. B. Minimum distance between R941 and lipid phosphate atoms shown as function of 

time for the 1 µs long (left) and 500 ns long (right) simulations . C. Number of water molecules detected within 8 Å of 

R941 and E871, shown as a function of time for the 1 µs long (left) and 500 ns long (right) simulations. The ATP-free (-

ATP) and ATP-bound (+ATP) simulations are indicated in blue and orange, respectively. 

 


