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Figure S1. Profiles of  angle between residue 1 and 2 in the trajectory of steered MD based on 

the solute tempering (ST) method. (a) Data from simulation trajectory performed at 2,100 K to 

obtain the initial structure for the REST/REUS method, and (b) data from simulation trajectory 

performed at 980 K, corresponding to the highest temperature replica of the REST/REUS method

A steered MD at 980 K was performed to confirm that methylated peptide bonds can be rotated 

at this temperature.

(a) (b) (c)

(d) (e) (f)

Figure S2. Free energy profiles estimated every 150ns for the simulation using the model 

membrane with (a) 0%, (b) 10%, (c) 20%, (d) 30%, (e) 40%, and (f) 50% mole fractions of 

cholesterol 



Table S1. AlogP and experimentally assessed and calculated membrane permeability values of 

cyclosporine A (CSA) against membrane models with different cholesterol concentration 

A single value for AlogP is listed because the value depends only on the chemical structure of the peptide 

and is independent of cholesterol concentration. Since there are no experiments reporting membrane 

permeability changes as a function of cholesterol concentration for CSA, a single experimental value for 

logPPAMPA and logPMDCK are also listed. The hyphen indicates that Pout cannot be defined because the 

minimum of the potential of mean force (PMF) is located at a position greater than z = 30 Å. logPPAMPA 

corresponds to the average value of permeability reported in three studies. 1-3 Error bars for logPPAMPA were 

not included, as these values were not provided in some of the referenced experimental data. The 

experimental data of logPMDCK was obtained from the literature of Naylor et al. 4 MAEPMF denotes the mean 

absolute error (MAE),  between two PMFs obtained from the trajectories of 0–∑𝑛
𝑖 = 1|𝐹𝑎(𝑧𝑖) ― 𝐹𝑏(𝑧𝑖)|/𝑛,

150 ns and 150–300 ns, respectively, of the production run. 



Figure S3. The angle between the principal axis of inertia corresponding to the maximum 

eigenvalue and the reaction coordinate z at z = 27 Å

The plot and error bars show the mean value every 25 ns and the standard deviation over that 

interval. 

Figure S4. A representative snapshot of the CSA anchored to the membrane at z = 27 Å



(a) 0Å 10.5Å 27Å 37.5Å

(b) 0Å 10.5Å 27Å 37.5Å

Figure S5. (a) Area per lipid values for the data at 10 mol% cholesterol concentration plotted 

against time and (b)the mean value every 25 ns and the standard deviation over that interval 

Figure S6. Diffusion coefficient along the reaction coordinate z estimated by using the model 

membrane with 0 to 50 % mole fractions of cholesterol
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Figure S7. Representative snapshots on the free energy minima for the simulation with 

cholesterol-free membrane at (a) z = 0–5 Å and (b) z = 30–37.5 Å

Average polar surface area, hydrogen bond number, and number peptide bonds with cis-type  

dihedral angle are shown next to the snapshots. The average values for each type were calculated 

using all snapshots within ±3 along the eigen vectors from the free energy minima marked with 

crosses.
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Figure S8. Free energy profiles that are calculated based on projected trajectories at z = 30–37.5 

Å with model membranes containing (a) 0%, (b) 10%, (c) 20%, (d) 30%, (e) 40%, and (f) 50% 

cholesterol on the eigen vectors of the first and second principal components obtained from dPCA
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Figure S9. Free energy profiles that are calculated based on projected trajectories at z = 9–10.5 Å 

with model membranes containing (a) 0%, (b) 10%, (c) 20%, (d) 30%, (e) 40%, and (f) 50% 

cholesterol on the eigen vectors of the first and second principal components obtained from dPCA
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Figure S10. Free energy profiles that are calculated based on projected trajectories at z = 4–5 Å 

with model membranes containing (a) 0%, (b) 10%, (c) 20%, (d) 30%, (e) 40%, and (f) 50% 

cholesterol on the eigen vectors of the first and second principal components obtained from dPCA
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Figure S11. Free energy profiles that are calculated based on projected trajectories at z = 0–1 Å 

with model membranes containing (a) 0%, (b) 10%, (c) 20%, (d) 30%, (e) 40%, and (f) 50% 

cholesterol on the eigen vectors of the first and second principal components obtained from dPCA

Figure S12. Content of closed structures depending on the cholesterol concentration of the 

membrane. The bars were color-coded by cholesterol concentration 

The legend shows the colors associated with the percentages (mole fraction) of the cholesterol. 



Figure S13. A snapshot obtained from a simulation using a cholesterol-free membrane model. 

The water molecules are shown with space fill model, and the cyclosporine A is shown in ball-

and-stick model 

The membrane model is not shown.



Table S2. AlogP and experimentally assessed and calculated membrane permeabilities of 

Furukawa:MDCK and Furukawa:PAMPA data using a membrane model containing 40% 

cholesterol

The hyphen indicates that Pout cannot be defined because the minimum of the PMF is located at a position 

greater than z = 30 Å. MAEPMF denotes the mean absolute error (MAE),  ∑𝑛
𝑖 = 1|𝐹𝑎(𝑧𝑖) ― 𝐹𝑏(𝑧𝑖)|/𝑛,

between two PMFs obtained from the trajectories of 0–150 ns and 150–300 ns, respectively, of the 

production run.



Table S3. AlogP and experimentally assessed and calculated membrane permeabilities of 

Furukawa:MDCK and Furukawa:PAMPA data using a membrane model containing 50% 

cholesterol

The hyphen indicates that Pout cannot be defined because the minimum of the PMF is located at a position 

greater than z = 30 Å. MAEPMF denotes the mean absolute error (MAE),  ∑𝑛
𝑖 = 1|𝐹𝑎(𝑧𝑖) ― 𝐹𝑏(𝑧𝑖)|/𝑛,

between two PMFs obtained from the trajectories of 0–150 ns and 150–300 ns, respectively, of the 

production run.



Figure 14. PMFs for the 10-residue peptides in the Furukawa:MDCK data by using the model 

membrane containing 40 mol% cholesterol

Figure 15. PMFs for the part of the Furukawa:PAMPA data using the model membrane containing 

40 mol% cholesterol



Figure 16. A continuation of PMFs for the part of the Furukawa:PAMPA data using the model 

membrane containing 40 mol% cholesterol

Figure S17. PMFs for the 10-residue peptides in the Furukawa:MDCK data by using the model 

membrane containing 50 mol% cholesterol



Figure S18. PMFs for the part of the Furukawa:PAMPA data by using the model membrane 

containing 50 mol% cholesterol

Figure S19. A continuation of PMFs for the part of the Furukawa:PAMPA data by using the 

model membrane containing 50 mol% cholesterol



Figure S20. Diffusion coefficient along the reaction coordinate z for the 10-residue peptides in 

the Furukawa:MDCK data estimated by using the model membrane with 40 % mole fractions of 

cholesterol

Figure S21. Diffusion coefficient along the reaction coordinate z for a part of the 

Furukawa:PAMPA data estimated by using the model membrane with 40% mole fractions of 

cholesterol



Figure S22. A continuation of diffusion coefficient along the reaction coordinate z for a part of 

the Furukawa:PAMPA data estimated by using the model membrane with 40% mole fractions of 

cholesterol

Figure S23. Diffusion coefficient along the reaction coordinate z for the 10-residue peptides in 

the Furukawa:MDCK data estimated by using the model membrane with 50% mole fractions of 

cholesterol



Figure S24. Diffusion coefficient along the reaction coordinate z for a part of the 

Furukawa:PAMPA data estimated by using the model membrane with 50% mole fractions of 

cholesterol

Figure S25. A continuation of diffusion coefficient along the reaction coordinate z for a part of 

the Furukawa:PAMPA data estimated by using the model membrane with 50% mole fractions of 

cholesterol



Figure S26. Scatter plot illustrating the experimental values of membrane permeability for the 

Furukawa:MDCK data and calculated values obtained using a cholesterol-free POPC membrane

Figure S27. Average number of hydrogen bonds between peptide and water molecules against 

reaction coordinate z

The profile was obtained by analyzing the trajectory data from our previous study. The error bars 

are determined as the standard deviation of profiles calculated independently from the trajectories 

of the first 100 ns and second 100 ns. The three target peptides 1.1-15, 1.1-36, and 1.1-38 have 

AlogP values of 3.67, 3.47, and 4.34, respectively.5
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