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Supplementary Notes

In the main document and supplementary information, the term “L, and L; phases” refers to the
liquid ordered phase and liquid disordered phase of DPPC/DOPC/chol, respectively, for which the
simulation details and composition are given in Supplementary Table 1, unless noted otherwise. It
will be stated explicitly when the discussed ordered or disordered phases contains PSM.

Supplementary Table 3 gives the system details of the Anton simulations.

Supplementary Figures 3 and 4 show simulation snapshots of oxygen and water entering

membranes, respectively.

Supplementary Figures 6, 7 and 8 show structural membrane properties. Various structural
properties of the simulated L, and L; phases at 298 K are compared to simulations of one-
component (homogeneous) membranes: (1) DOPC at 298 K (L, 29g) and (2) DPPC at 323 K
(Lg,323). Pure DPPC is a gel at 298 K, hence the choice for the higher temperature of 323 K, to

ensure that homogeneous DPPC has liquid disordered behavior.

Supplementary Methods

1. Oxygen concentrations and force field errors

Oxygen concentrations in water and membrane phases corresponding to the EPR experiments
(membrane vesicles in equilibrium with 100% O; atmosphere at 1 atm pressure or air at 1 atm
pressure) can be estimated for the number of water molecules and dimensions of the simulation
systems listed in Supplementary Table 1 from: (1) the experimental value of the solubility of O
in water (1.298 x 10~* mol/l-atm at 295 K)!, (2) the membrane/water partition coefficient for O,
(3.2 for egg-yolk phosphatidylcholine at 295 K;? see ref. 3 for partition coefficients of other lipids),
and (3) the molecular volume of water (30 A*). Each water molecule is assumed to take up the
same volume, and the remaining volume of the simulation cell is assigned to the membrane.

Estimated numbers of oxygen atoms in water and membranes exposed to a pure oxygen
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atmosphere at a pressure of 1 atm are reported in Supplementary Table 6. Assuming that the
solubility of oxygen in water increases linearly with oxygen pressure and that the membrane/water
partition coefficient is independent of oxygen pressure, simulated systems with 50 O are under
33 atm and 34 atm for the L, and L, phases, respectively. Values for air (21% O.) are about 7 atm
for both L, and L; . The membrane thickness 4 is estimated by subtracting the volume taken up
by all of the water molecules from the volume of the simulation cell. The resulting //2 are smaller
than those used in the counting method and BA method for the permeability calculations (Table 1
of the main text). This is because the latter are based on dividing surfaces above the membrane
surface where the free energy profiles become flat (Fig. 2 of main text) and consequently include

some of the waters in the system.

A comparison of solubility of oxygen in hexadecane and water expressed as hexadecane/water
partition coefficient K, _,, obtained in experiment and simulation allows evaluation of simulation
force fields. K,,_,,, is defined as the ratio of Oz solubility in hexadecane' (10.64 x 10 mol/l-atm)
and water (1.298 x 107 mol/l-atm) equal to 8.19 at 295 K (experiment). Supplementary Figure 1
shows the PMF of oxygen in a hexadecane/water slab according to MD simulations with the
CHARMM36 force field at three temperatures: (1) 800 ns simulation at 295 K (the experimental
target temperature), (2) 800 ns simulation at 298 K (the temperature of bilayer simulations in the
main text), and (3) 800 ns simulation at 310 K, with (2) and (3) as reported previously*. AG2%>, =
RT InK,,_j, = 1.75 kcal/mol, yielding K,,_,, (sim) = 18.5; i.e., the partition coefficient from the
simulation is about two-fold larger than the experimental one. This result implies that the
membrane/water partition coefficient of oxygen from simulation overestimates that of experiment

by approximately a factor of 2. This overestimate is expected to carry over for membranes as well

because oxygen mostly resides in the hydrocarbon region.



2. EPR experiments

Transverse relaxation rate (R;) analysis:

Linewidth was measured as peak-to-peak distance of the first derivative of the M| = 0 resonance.
Lo (N2): 2.71£0.025G

Lo(02):  2.97+£0.025G  contribution from oxygen: 0.26 £ 0.05 G

La(N2): 2.10£0.025G

L (02): 2.51+£0.025G  contribution from oxygen: 0.41 £0.05 G

Ry 1a/R21o € 0.41/0.26=1.6+0.5

Longitudinal relaxation rate (R,) analysis:

Power saturation curves were measured as peak-to-peak height of the M; = 0 (center) resonance as
shown in Fig. 6 of the main document. The parameter P; /, was determined by fitting Eq. (8) to the
experimental data points with I, and P/, as fit parameters>®. The fit was executed using a
Marquardt-Levenberg algorithm (SigmaPlot, Systat Software, Inc.). The lines through data points
indicate the quality of the fit in Fig. 7. It can be shown that P; ;, « R{R;. Division by P; /, by the
linewidth of the M; = 0 resonance yields a parameter proportional to R;. The formula assumes that
saturation of the M; = 0 resonance follows a homogeneous saturation limit which was confirmed

experimentally. The uncertainties listed below are standard errors from the fits.

Lo(N2):  Pyjp= 532+ 1.7mW Lw=298+0.025G Pip/Lw= 17.8+0.7
Lo(air): Py, = 1243+ 6.6 mW Lw=3.04+0.025G Pio/Lw= 40.9+25
La(N2): Py, =31.6+0.8 mW Lw=2.05+0.025G Pip/Lw= 154+0.5
La(air): Py, =128.1+7.4mW Lw=2.16%0.025G Pio/Lw= 59.3+4.1

P1o/Lw  contribution from oxygen Lo =23.1 + 3.3
Pin/Lw  contribution from oxygen Lq=43.9 £ 4.6

Rl,Ld/Rl,LO =190+0.5



Supplementary Tables

Supplementary Table 1. Component numbers (mole fraction in parentheses), cell areas (4) and
heights (H), and trajectory lengths (T}-,,,) used for analysis.

property L, Lq
DPPC 280 (0.55) 116 (0.30)
DOPC 76 (0.15) 240 (0.62)
cholesterol 156 (0.30) 44 (0.08)
waters 9999 12185
oxygen 50 50

ion pairs? 31 30

A (nm?) 108.8 119.5
H (nm) 7.533 7.054
Tryun (1S) 1.14° 0.95
“Na* and CI

°1.12 ps analyzed for Oy

Supplementary Table 2. Number of crossings and crossing rate » for oxygen and water
evaluated using the counting method. The 95% confidence intervals in parentheses were
obtained assuming a Poisson distribution.

Permeant # crossings 7 (103 nm™ ns™)
L, Ly L, Ly
O 262 466 1.98 3.44
(231-294)  (424-500)  (1.74-2.22) (3.13-3.75)
water 11 69 0.0815 0.0508
(5-13) (53-86)  (0.037-0.133)  (0.0391-0.0634)




Supplementary Table 3. Component numbers, temperature 7, cell areas 4 and heights H, and
trajectory lengths used for analysis T, for simulations without oxygen carried out on Anton’*.
Saturated refers to DPPC and PSM, unsaturated to DOPC and POPC, and ions are sodium and
chloride.

DPPC/DOPC/chol  PSM/DOPC/chol PSM/POPC/chol
property L, Lg4 L, L, L, Lq4
saturated lipids 280 116 362 84 342 128
unsaturated 76 240 14 460 44 386
cholesterol 156 44 184 30 174 44
waters 9999 12185 18684 23261 22848 20487
ion pairs 31 30 0 0 0 0
T (K) 298 298 295 295 295 295
A (nm?) 104.9 114.3 113.4 179.8 113.4 153.5
H (nm) 7.643 7.219 9.577 7.734 10.722 8.125
Trun (us) 5.05 2.02 0.95 1.14 9.08 0.81

Supplementary Table 4. Component surface areas (A%/lipid) at 298 K unless otherwise noted.
Source data are provided as a Source Data file.

component I L, L,
DPPC 48.8 61.8 63.0%
DOPC 51.5 64.1 68.9
cholesterol 26.8 30.6 -
2at 323 K

Supplementary Table 5. Entrance and escape times for oxygen and water to and from the
midplane. Standard errors in parentheses. Source data are provided as a Source Data file.

permeant phase Tentr (11S) Tesc (nS)
Oxygen L, 2.0 (0.09) 62.3 (7.5)
Ly 1.0 (0.02) 38.3 (4.0)
L, (DOPC)? 1.0 (0.01) 40.0 (5.0)
Water® L, 0.67 (0.1) 1.23 (0.3)
Ly 0.41 (0.2) 0.70 (0.3)
L, (DOPC)* 0.61(0.2) 0.60 (0.1)



*from ref.9; h/2 =25 A

®from the planes defined by phosphate groups; #/2 = 24.0 A for L,, 20.4 A for
Lg,and 19.2 A for Ly,

“from ref. 10

Supplementary Table 6. Calculated number of oxygen molecules in water and membranes for a
system with dimensions and particle numbers as listed in Supplementary Table 1 assuming a
pure oxygen atmosphere at a pressure of 1 atm, an oxygen solubility in water of 1.298 x 107
mol/l-atm at 295 K and a membrane/water partition coefficient of 3.2. The membrane thickness 4
here is calculated by subtracting the volume taken up by all of the water molecules from the
volume of the simulation cell.

region L, Lq

water 0.23 0.29
membrane 1.30 1.19
total 1.53 1.48
h/2 (A) 23.9 20.0

Supplementary Table 7. Concentration of permeants in water (c,,) and membrane (c,,) and
partition coefficient K(h) evaluated with 4/2 =29.38 A and 26.39 A for the L, and L, phases,
respectively. Twice the standard error over four replicates in parenthesis. Source data are
provided as a Source Data file.

Permeant c,, (nm™) Cpy (Nm) K
L, Ly L, Ly L, Ly
(0)] 0.0191 0.0096 0.0669 0.0624 3.49 6.52
(£0.0033) (£0.0005) (£0.0008) (£0.0001) (£0.72)  (£0.39)

water 30.6 28.0 6.071 7.416 0.1980  0.2651
(£0.0056) (£0.0020)  (£0.006)  (£0.003)  (0.0002)  (0.0001)




Supplementary Figures
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Supplementary Figure 1. Potentials of mean force for O; in a hexadecane slab (centered at z = 0)
bounded by water slabs. PMF at 310 K from Ref. 4. All systems contained 10 O,, 126 hexadecane and
2159 water molecules; those at 295 K and 298 K were simulated at constant temperature and surface area
(NPAT)!" using OpenMM 2, Source data are provided as a Source Data file.
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Supplementary Figure 2. Oxygen partition coefficients K (%) for the L, and L, phases (left axis) and their
ratio (right axis, dashed line) as a function of membrane thickness /. Source data are provided as a Source
Data file.



Supplementary Figure 3. Four additional simulation snapshots of a single oxygen (red) entering the liquid
ordered phase spaced at 5 ps intervals over 500 ps. The bilayer is represented by the lipid configuration at
the beginning of the time sequence, and waters and ions are removed in all panels. Top panel: a top-down
view with headgroups removed to highlight the chain packing (DPPC green, DOPC brown, and cholesterol
yellow). Bottom panel: side-view with DOPC and cholesterol removed, and with other oxygen molecules
(purple); atoms in only half of the box are included for clarity.



Supplementary Figure 4. Four simulation snapshots of a single water (blue oxygen, cyan hydrogen)
entering the liquid ordered phase spaced at 5 ps intervals over 500 ps. The bilayer is represented by the lipid
configuration at the beginning of the time sequence, and waters and ions are removed in all panels. Top
panel: a top-down view with headgroups removed to highlight the chain packing (DPPC green, DOPC
brown, and cholesterol yellow). Bottom panel: side-view with DOPC and cholesterol removed, and oxygen
molecules in red; atoms in only half of the box are included for clarity.
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Supplementary Figure 5. Radial distribution functions g(r) between the methyl carbon of the s#2 chain of
DPPC and oxygen atoms in the L, and L; phases. The thickness of the line is twice the standard error over
4 replicates (£2 ste). Source data are provided as a Source Data file.
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Supplementary Figure 6. Average number of gauche Supplementary Figure 7. Deuterium order
dihedral angles per dihedral angle for acyl chains of DPPC parameters (Scp) as for Supplementary Figure 6.
(top) and DOPC (bottom) for the L, and L, phases (at 298 Chain position refers to carbon number. Source
K), and reference homogeneous fluid phase bilayers (DPPC data are provided as a Source Data file.

at 323 K and DOPC at 298 K), and for hexadecane at 298
(top, black diamonds). Dihedral angles are labeled by the
average position of the central two carbons (e.g., C1-C2-
C3-C4 is 2.5). Results for DPPC in the L, and L, phases
are not directly comparable to the L, phase because of the
temperature difference. Source data are provided as a
Source Data file.
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Supplementary Figure 8. Distribution of angles for DPPC chain vectors
(calculated between carbons 4 and 14) with respect to the bilayer normal of
the L, and L, phases (at 298 K), and reference homogeneous fluid phase
bilayer L, 3,3 (DPPC at 323 K). Source data are provided as a Source Data
file.
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