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Properties of examined molecules

Table S1: Physical properties of the permeating molecules

Molecule MW HB HB TPSA HA Exp CAx
[g/mol] Dn Ac [AQ] LogP,/w LogP,/

Ammonia NH, 17.03 1 1 13.6 1 -0.98
Water H,0 18.02 1 1 25.3 1 -1.38f -0.65
Fluoromethane CH,F 34.03 0 1 0 2 0.51* 0.37
Carbon dioxide CO, 44.01 0 2 34.1 3 0.83f -0.28
Propane CyHg 44.10 0 0 0 3 2.367 1.8
Ethanol C,HyO 46.07 1 1 20.2 3 -0.30" -0.16
Urea CH,N,O  60.06 2 1 69.1 4 2117 -1.36
Isopropanol C;H O 60.10 1 1 20.2 4 0.05* 0.25
Glycine C,H;NO,  75.07 2 3 63.3 5 -3.211 -3.41
Phenol CeHgO 94.11 1 1 20.2 7 1.50* 1.67
Benzoic Acid C,;H,0O, 122.12 1 2 37.3 9 1.87* 1.63
Coumarin CyHyO, 146.15 0 1 26.3 11 1.397 1.78
Paracetamol CyHyNO, 151.17 2 2 49.3 11 0.91

MW: Molecular weight

HB Dn: Number of hydrogen bond donors

HB Ac: Number of hydrogen bond acceptors

TPSA: Topological polar surface area

HA: Number of heavy atoms (non-hydrogen)

Exp LogP,/w: Experimental logarithm of octanol/water partition coefficients

CAx LogP, /w: Computed octanol/water partition coefficient with the ChemAxon logP*
QSAR online tool “Chemicalize” (http://chemicalize.com)

* : Reference?
T : Reference?®



Convergence of simulations

Establishing a convergence evaluation technique

According to the inhomogeneous solubility diffusion model, the exponential of the free-energy
difference is the dominant factor in the computation of the permeation coefficient and as such,
it was chosen as the key property to examine simulation convergence. However, the restrain
force and the derived potential of mean force are dynamic properties that fluctuate during
the simulation. In fact, statistically, due to the nature of MD simulations, these properties
can never be considered absolutely converged due to the fact that ergodicity is an assumption
and the complete exploration of phase space is impractical or impossible.*

In this study we devised a new method to measure relative convergence. The restrain-
force timeseries was separated in 10 consecutive cumulative parts starting from the beginning
of the timeseries and then each consecutive part was added in the timeseries used to produce
the free-energy profile. Figure S1 visualises how this approach works. With this method both
quantitative and qualitative convergence was revealed clearly after the first 3 cumulative sets,

damping sampling noise.
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Figure S1: Schematic of the convergence study technique with cumulative sets of the time-
series.

Similar methodologies have been used in previous studies. Bemporad et al.®>® have exam-
ined the behaviour of force timeseries to ensure its convergence to a particular value. Neale

et al.” have used the block averaging'* method to identify the equilibration time based on the



initial systematic errors. On the same article, they propose the definition of a key observable,
such as the binding free-energy, and the estimation of convergence based on its behaviour as
a function of simulation time. Nitschke et al.!! defined as the key observable in their study
of ammonia and ibuprofen, the PMF barrier and minimum respectively. Paloncyova et al.!?
used a contour plot showcasing the time evolution of the energy minima and barriers with

1.13 used a variation of the moving-average method

their respective positions. Carpenter et a
to examine the convergence of free-energy profiles. Finally, Lee et al.'* observed that sim-
ulation over the whole range of the bilayer thickness instead of half, even for shorter time,
generally improved convergence speed. They also recommended a 50 to 100 ns equilibration
for each window. It is clear from the aforementioned studies that there is no established
methodology in the literature regarding the convergence of permeation studies. Therefore,

the results presented in this paper can provide researchers with an extra insight on this

crucial parameter.

Convergence study

Figures S2 and S3 show the evolution of the free-energy profile of the DOPC and DOPC:DOPE
(1:3) membranes and all permeants, for the z-restraint method. Generally profiles stabilise
between the 0-30 ns and 0-40ns blocks. Initial blocks fluctuate more because the permeant-
membrane complex relaxes to accommodate the new restraint behaviour of the permeant.
Also, they are relatively more noisy than the latter blocks because the number of sampled
points is smaller. Nevertheless, even in the worst case of urea and the DOPC membrane,
the maximum AG fluctuation between the initial block of 0-10ns and the stable block of
0-40ns is ~3 kcalmol™! and localised only on the bilayer centre. Qualitatively, profile fluc-
tuations are more prominent in fluoromethane or carbon dioxide but this is due to the small
scale of the y-axis which amplifies the differences. Based on the above, the first 30 ns of the
production trajectories and outputs were discarded as further equilibration.

For most permeants the convergence was 10 to 15 ns faster through the pure DOPC than



through the mixture and the difference was particularly evident for the largest permeant,
phenol, benzoic acid, coumarin and paracetamol. However, the same or slower convergence
for the permeation through DOPC was observed for fluoromethane, carbon dioxide and
isopropanol. Slower convergence for bilayers of mixed composition has also been observed in
a study of Hong et al.'® where they examined the total time for complete mixing of various
lipids in symmetrical bilayers. They saw that the radial pair distribution function of PE:PG

and PC:cholesterol membranes was slower to converge than that of pure POPC.
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Figure S2: Convergence of AG for all permeants and the DOPC membrane
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Figure S3: Convergence of AG for all permeants and the DOPC:DOPE(1:3) membrane



Local diffusion coefficients analysis

Hummer method analysis

The method proposed by Hummer requires the calculation of the integrated autocorrelation
function 7 of the z-axis distance between the permeant and the membrane’s centre of mass,
for each 10ns part of the z-position timeseries (7 in total from 30ns to 100ns). While the
computation of the autocorrelation function is trivial due to pre-existing numerical libraries,
the calculation of the integral poses a challenge. A practice that has been used previously®!3
involves the fitting of a double exponential function to the autocorrelation of the z-axis
distance. Unfortunately, when it was attempted to fit a double exponential function to
different 10ns autocorrelation values of the z-axis distance, the fitting failed partially or
completely (figures S4a, S4b and S4c). Reduction of the autocorrelation datasets from
10000 to 1000 did not improve the overall poor performance of the fitting (figures S4d, Sde
and S4f).

O’Neill et al.'® have examined an alternative technique for the calculation of the autocor-
relation function integral. Instead of fitting, they used 4 different cut-offs in order to decide
the integration domain (the length of the autocorrelation dataset), which was then integrated
numerically with the trapezoidal rule. In the first cut-off, the entire autocorrelation dataset
was considered for the integral, the second included the values until the global minimum of
the negative values, the third included the values until the first time that autocorrelation
became zero and finally the fourth took into account all values until when autocorrelation
became smaller than 1/e. Table S2 presents the results for the DOPC-water system, for 4
different distances from the bilayer core and for the 4 different techniques.

When considering the whole extent of the autocorrelation (9999 points for a 10 ns time-
series) the calculated diffusion coefficients were nonphysical, due to the long oscillatory be-
haviour of the decay tail. The fourth method overestimated diffusion coefficients especially

in the hydrophobic region of the bilayer, that for water are usually much smaller”!7 than



lems™2. Also, for fast decaying autocorrelations, the 1/e criterion was very high and was a
potential source of error. Finally, the other 2 methods produced similar, physically plausible
values, however, in cases where the autocorrelation never becomes negative or it has multiple

minima, the ACF = ACF;, criterion becomes problematic.

Table S2: Evaluation of the integral domain for the Hummer method based on
the work of O’Neill et al.1®

D [x107° cm?/s]

Integration domain z=0.1nm z2=1lnm 2z=2nm 2.8nm

X = XImax 237305 504341 -198962 151866
x at ACF = ACF 2.06 0.15 0.8 4.26
xat ACF =0 1.48 0.13 0.53 3.38
x at ACF = 1/e 3.98 1.63 2.31 4.59

In order to examine whether the fitting performance would be better for a smaller au-
tocorrelation dataset, the x at ACF = 0 criterion was used in conjunction with a double
exponential fitting. Figure S5 shows that with a smaller number of points, the fitting be-
haviour improved, however, the computed diffusion coefficients were orders of magnitude
lower than expected.

In conclusion, regarding the Hummer method for the calculation of diffusion coefficients,
the integral domain for x at ACF = 0, with no fitting, is preferred for its robustness and

general applicability independent of the ACF behaviour.

DOPC diffusion profiles oscillations

It has been noticed from previous studies®713:1820 that local diffusion profiles are more noisy
than the respective free-energy difference profiles. In this study, this behaviour is predom-
inant in the DOPC rather than the PC:PE profiles. Especially for water, fluoromethane,
propane, urea, isopropanol and benzoic acid there is an protruding peak at 2.3 nm away from
bilayer centre, which has not been observed in past studies. Figure S6 shows the restrained

z-position timeseries that the simulation for the DOPC-water system produced for two dif-
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Figure S4: Common problems encountered when attempting to fit a double exponential
function to a 10ns or a 1 ns part of the clean z-distance autocorrelation. The system is the
DOPC-water and the autocorrelation is between 90 ns to 100 ns.
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Figure S5: Fitting of a double exponential function to a filtered z-distance autocorrelation.
The system is the DOPC-water and the acf is from 90 ns to 100 ns

ferent positions, 1.8nm and 2.3nm. In the 2.3 nm timeseries (orange line) there is a highly
oscillatory behaviour between 55 ns and 75 ns where the water permeant moved further than
the typical £0.15nm from the average position. Figure S7 shows 4 trajectory (sampling ev-
ery 10 ps) snapshots from this time range. Apart from random crosses through the periodic
boundary conditions (figure S7b), no obvious facilitators or bilayer structural irregularities
were observed to explain this behaviour.

To examine whether manual removal of extreme outliers of the timeseries would improve
the diffusion results, a filter was applied to the data to discard all z-restrain position that
were deviating more than +0.15nm from the average position. Figure S6 shows the effect
of the filter on the 2.3 nm timeseries and table S3 presents the diffusion coefficients and the
percentage of timeseries that were outliers for three representative timeseries. Overall, for
the cases that the rejection percentage was low, the effect on diffusion was marginal. In the
case of z=2.3 nm, diffusion was reduced by ~ 18%, however, even with the filter applied the
diffusion value was still higher than in the neighbouring points. Considering that a filter can
introduce other biases or artifacts on the results, it was decided not to implement filtering

on the calculation of diffusion coefficients.
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Figure S6: The restrained z-position timeseries for the z=1.8 nm and z=2.3nm positions
and the DOPC-water system. Also, the effect of applying an ‘exclude-outliers’ filter in the
z=2.3nm timeseries.

Table S3: Effect of an ‘exclude-outliers’ filter in the diffusion coefficients. The
outliers value shows the percentage of data that were discarded from the original

timeseries.

D [x107° cm?/s]

z [nm] Original  Filtered  Outliers

1.8 0.4 0.4 0.6%
2.2 1.5 1.5 0.7%
2.3 2.7 2.2 1.7%
2.4 1.5 1.5 0.3%

12



(c) 62.491ns (d) 70.00ns

Figure S7: Trajectory snapshots of DOPC-water system during the time that high fluctua-
tions of the permeant position were recorded. The water molecule is represented by the van
der Waals red sphere representing oxygen. The rest of the water molecules are transparent
lines.
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Permeability coefficients complete table

Table S4: Permeation coefficients and their logarithm of base 10, for a DOPC and
a DOPC:DOPE(1:3) membrane, at T=300K. PC refers to DOPC and PC:PE
refers to DOPC:DOPE(1:3).

This work Previous studies
P [cm s_l} logP Membrane P [cm s_l] logP Membrane
Urea
(6.74 £ 3.03) x 1077 —6.17£0.23 PC 5.37 x 107 —6.27 DMPCaos & 1
(4.01 £1.95) x 10~7 —6.40 +0.25 PC:PE(1:3) 1.95 x 10~8 —7.71 Model SCz19x * 17
1.41 x 106 —5.85 DOPC3p3 P21
4.00 x 106 —5.40 DMPC #> 22
4.56 x 10~6 —5.34 Caco-2319k P23
Water
(3.96 +0.39) x 10—4 —3.40 £ 0.05 PC 6.80 x 1072 -1.17 DMPC30x & 24
(2.89 £ 1.50) x 104 —3.5440.27 PC:PE(1:3) 4.00 x 10~2 —1.40 DPPCzpox * 24
1.30 x 10—2 —1.89 DPPC3igx %25
1.60 x 10—2 —1.80 DPPC3p3 @26
7.00 x 10~2 —1.15 DPPCs50k @27
1.40 x 103 —2.85 DMPC CGggzk * 18
1.58 x 10—2 —1.80 DOPC3p3 © 28
1.30 x 102 —1.89 POPC3p3 28
6.47 x 1073 —2.19 POPC3pgx *2?
8.30 x 10~3 —2.08 DMPC3g3 730
2.40 x 1072 —1.62 DMPCgo3k 2!
1.90 x 10—2 —1.72 DPPC3p3 P21
1.50 x 10~2 —1.82 DOPC3gp3 P21
1.22 x 102 —1.91 DOPCagg i P+ 31
7.40 x 1073 —2.13 DOPC:DOPEgk # 31
4.26 x 1073 —2.37 DOPCags i P32
5.20 x 10~4 —3.28 DMPCg43 P33
2.30 x 10—6 —5.64 DMPEgy3 i P33
3.00 x 10—4 —3.52 DPPCsy3 P33
3.70 x 10— —5.43 DPPE343k P33
6.00 x 1074 —3.22 DMPC 4 %34
2.30 x 10~4 —3.64 DOPCagz ¢ B34
1.50 x 102 —1.82 DLPCaggk # 35
3.40 x 1073 —2.47 EPCaog i P36
2.20 x 1073 —2.66 EPCoyogk 2237
1.90 x 1073 —2.72 EPCaogk P38
1.36 x 1072 —1.87 POPCagg P39
Glycine
(2.05 £ 0.80) x 1073 —2.69 4+ 0.20 PC 5.70 x 1012 —11.24 EPC 8,40
(6.38 £ 1.67) x 104 —3.204+0.14 PC:PE(1:3) 2.00 x 10~11 —10.70 DMPC#, 40
3.00 x 10~7 —6.52 SC B 41
Paracetamol
(3.76 £ 1.17) x 1073 —2.42 £0.16 PC 7.30 x 1076 —5.14 Permeapadzjok 242
(9.44 £5.10) x 10~3 —2.034+0.28 PC:PE(1:3)
Ammonia
(6.58 & 1.57) x 1073 —2.18 £0.12 PC 1.30 x 1071 —0.89 POPC3pox @43
(1.9140.26) x 1073 —2.72 4 0.07 PC:PE(1:3) 1.70 x 10—2 —1.77 POPE;3pok * %3

Continued on next page

a: MD simulation, 8: Experimental study, v: Theoretical model, §: Monte Carlo simulation
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Table S4 — continued from previous page

This work Previous studies
P [cm s’l] logP Membrane P [cm sfl] logP Membrane
1.30 x 10~ —0.89 DOPC3p0 & *4
9.00 x 10~1 —0.05 DPPC350k @45
1.30 x 107! —0.89 EPCaog i P36
4.80 x 102 —1.32 DPhPC 7,46
3.70 x 10~2 —1.43 EPC 6,47
Ethanol
(1.554+0.24) x 10! —0.81£0.08 PC 8.50 x 102 —1.07 POPC3a3 48
(1.08 £ 0.32) x 10! —0.97 £0.15 PC:PE(1:3) 1.12 x 1073 —4.95 Model SC310x * 17
2.00 0.30 POPC3pgx * 49
3.80 x 1075 —4.42 SOPCagg i P50
2.75 x 10~7 —6.56 SC 7,51
Isopropanol
(6.27 £ 1.75) x 10~1 —0.20 +0.15 PC
(3.34 £0.68) x 10~1 —0.484+0.11 PC:PE(1:3)
Coumarin
1.14 £ 0.31 0.06 £+ 0.14 PC 1.50 x 10~4 —3.82 Caco-2319k P52
3.62 £0.48 0.56 £ 0.07 PC:PE(1:3) 7.76 x 1075 —4.11 Caco-2319k #+ %3
3.58 x 10~ —5.45 Pig skingiox P2 %4
Fluoromethane
3.86 4+ 0.45 0.59 & 0.06 PC
4.07+0.53 0.61 £ 0.07 PC:PE(1:3)
Phenol
5.03 4+ 1.04 0.70 +0.11 PC 2.57 0.41 Model SCzigx 17
2.40 £ 0.59 0.38 £0.13 PC:PE(1:3) 5.42 x 1076 —5.27 SCs10k 7 °°
Benzoic Acid
6.27 + 1.57 0.80 +0.13 PC 2.82 0.45 DMPCaggx © 14
8.19 +0.85 0.91 + 0.05 PC:PE(1:3) 4.40 x 107° —4.36 DOPC #.56
1.20 x 10~7 —6.92 DOPCagg i B+ 57
1.11 x 106 —5.95 DOPEqggg i 2257
5.50 x 10~1 —0.26 EPCoyg i P36
Propane
7.33+1.49 0.86 4 0.11 PC
7.28 +0.86 0.86 + 0.06 PC:PE(1:3)
Carbon dioxide
10.00 + 1.2 1.00 £ 0.06 PC 3.00 0.48 POPC:POPE;3qo & 43
7.02 £ 0.56 0.85 4 0.04 PC:PE(1:3) 3.20 0.51 DPhPCaggk P+ 58
3.20 x 10~1 —0.49 EPCagsx P59

a: MD simulation, 8: Experimental study, 7: Theoretical model, §: Monte Carlo simulation
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Hypothesis testing tables

Table S5: The logP values that were used for the hypothesis t-test

Permeant logP AlogP
DOPC DOPC:DOPE

Ammonia  -2.18 -2.72 -0.54
Water  -3.40 -3.54 -0.14
Fluoromethane 0.59 0.61 0.02
Carbon dioxide 1.00 0.85 -0.16
Propane 0.86 0.86 0.00
Ethanol  -0.81 -0.97 -0.16
Urea  -6.17 -6.40 -0.23
Isopropanol  -0.20 -0.48 -0.27
Glycine  -2.69 -3.20 -0.51
Phenol 0.70 0.38 -0.32
Benzoic Acid 0.80 0.91 0.12
Coumarin 0.06 0.56 0.50
Paracetamol  -2.42 -2.03 0.40

Table S6: The analysis of the t-test.

MW<100 MW=>100 All

Mean:  -0.230 0.340 -0.098
Standard deviation: 0.188 0.201 0.309
Hypothesised mean (h): 0 0 0
t-statistic: 3.862 -2.933 1.144
Degrees of freedom: 9 2 12
Critical t-value (one-tailed): 1.833 2.920 1.782
Critical t-value (two-tailed) +-: 2.262 4.303 2.179
One-tailed probability P(h <x): ~ 0.0019 0.950 0.137
One-tailed probability P(h >x): 0.998 0.0496 0.863
Two-tailed probability P(h = x): 0.004 0.099 0.275
Two-tailed probability P(h # x) 0.996 0.901 0.725
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Lateral mobility

Figures S8, S9 and S10 display the trajectories of the permeants over the 100 ns simulations
with the DOPC bilayer, in relation to the simulation box (dashed lines). Similarly, figures
S11, S12 and S13 present the permeant lateral mobility for the DOPC:DOPE bilayer. Dif-
ferent columns indicate different positions inside the bilayer and the rows are sorted based
on the molecular weight of the permeants starting from the lightest.

Regarding the mobility between different depths, it is generally observed that the per-
meant diffuses faster in the water region (2.7nm), then in the bilayer centre, then in the
headgroup region (1.0nm) and finally in the chain region (2.0nm). These results are sim-
ilar to the computed local diffusion profiles. Furthermore, the lateral mobility exhibits a
“rattle-in-a-cage” behaviour where the permeant is trapped locally in pockets of free vol-
ume accompanied by fast transitions to neighbouring pockets, in agreement with previous
reports. ! Finally, there is no significant difference in the plots in terms of membrane com-
position. There seems to be a small increase in movement in the centre of the mixed bilayer
which could be rationalised by the small increase in thickness which could leave some more
free-space, although that could be compensated by the more ordered lipid chains.

In relation to the lipid lateral mobility, DOPC and DOPE in the liquid state (as in our
work) are known to form ideal mixtures, with no evidence of clusters or other supermolec-
ular structures (see Orsi and Essex® and relevant references therein). Furthermore, while
previous studies have reported that certain additives (e.g, ethanol or other alcohols) may
alter membrane dynamics, in order for their effect to be observable, higher concentrations
than single molecules would be required. In our study, only a single permeant is present in
each simulation box, so it is impossible to speculate whether this is enough to alter the phys-
ical properties of the membrane; we assume that none of the permeants did. We examined
the systems visually to see whether the mixing properties of DOPC and DOPE changed
when the permeant was inserted in the respective positions. However, during the 100 ns

trajectories nothing unusual was observed for any of the positions.

17



20 30 40 50 60 70 80 90 100
Time [ns]

10

BIUOWIULY JI9Yem aueB}OWOION]] 9PIXOIP UOqIR))

UoI}d9IIP-A

ouedoirg

2.7 nm

=

2.0 nm

x-direction

z

z=1.0 nm

0.0 nm

7=

Figure S8: Lateral mobility of permeants in the DOPC membrane and in different depths;

part A. Dashed lines indicate the simulation box (~6nm X 6 nm).
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Figure S10: Lateral mobility of permeants in the DOPC membrane and in different depths;

part C. Dashed lines indicate the simulation box (~6nm x 6 nm).
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Figure S11: Lateral mobility of permeants in the DOPC:DOPE membrane and in different
depths; part A. Dashed lines indicate the simulation box (~6nm x 6 nm).
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