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Systems Lipid-5 % DSPC % Cholesterol % of replicates Simulation time per replicate Production run per replicate
1 10 50 40 3 3 µs 1 µs

2 20 40 40 3 3 µs 1 µs

3 30 30 40 3 3 µs 1 µs

4 40 20 40 3 3 µs 1 µs

5 50 10 40 3 3 µs 1 µs

Table S1: Simulated systems. Five simulated systems contain the same proportion of cholesterol (40 %), and different
proportions of DSPC (50 to 10 %) and Lipid-5 (10 to 50 %). Each system was replicated three times and simulated
3 µs per replica, resulting in 9 µs of simulations per system, and cumulative simulation time of 45 µs for all systems.
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(Å

)

N− Neutral

N− Protonated

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
Scaled mass density

−80

−40

0

40

80

z
(Å
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Figure S1: Lipid-5 scaled mass density in different bilayer systems. Scaled mass density of the titrable nitrogen
of neutral (cyan) and protonated (red) Lipid-5 with respect to z (membrane normal) for systems with 10, 20, 30, and
50 % of Lipid-5. The maximum count in each distribution is scaled to one. The average z position of phospholipid
headgroup in each leaflet is shown in orange dashed lines.
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Figure S2: Lipid-5 orientation angle with respect to membrane normal. PDF of orientation angle. θ, of neutral and
protonated ionizable lipids with respect to membrane normal for systems with 10, 20, 30, and 50 % Lipid-5, shown in
cyan and red, respectively. As Lipid-5 population increases, more neutral ionizable lipids aggregate at the hydrophobic
core of the bilayer, resulting in a more perpendicular orientation of neutral Lipid-5. Protonated Lipid-5 peak around
20 and 160 ◦, corresponding to their orientation in upper and lower leaflets, respectively.
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Figure S3: Neutral Lipid-5 aggregation at the hydrophobic core of the bilayer. Coordinates of phosphorus (or-
ange) and nitrogen (cyan) atoms of DSPC and neutral ionizable lipids, respectively, in x-z plane for systems with
different populations of Lipid-5. Phosphorus atoms are colored in each leaflet based on their z distance with respect to
membrane center, with light and dark orange being the smallest and largest distance, respectively. High populations
of Lipid-5 (40 and 50 % in this case) results in aggregation of neutral Lipid-5 at the hydrophobic core of the bilayer,
forming a single cluster.

S4



−60 −30 0 30 60

x (Å)
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(Å

)

0.0000

0.0001

0.0002

0.0003

−60 −30 0 30 60

x (Å)
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Figure S4: Protonated Lipid-5 aggregation at the upper leaflet of the bilayer. Top view (x-y plane) of mass distri-
bution of the nitrogen atom of protonated Lipid-5, located at the upper leaflet for systems with different populations
of Lipid-5. Protonated Lipid-5 tend to aggregate at high population of Lipid-5 (40 and 50 % in this case).
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(Å

)

0.0000

0.0001

0.0002

0.0003

−60 −30 0 30 60

x (Å)
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Figure S5: Protonated Lipid-5 aggregation at the lower leaflet of the bilayer. Bottom view (x-y plane) of mass
distribution of the nitrogen atom of protonated Lipid-5 at the lower leaflet.
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Figure S6: Molecular images of the membrane bilayer systems viewed from the side. Molecular images of all the
simulated systems captured from the last snapshot of each trajectory (after 3 µs of simulations). Columns and rows
are categorized based on replicas and proportion of Lipid-5, respectively. Protonated and neutral Lipid-5 are shown
in red and cyan, respectively, with nitrogen atom of each ionizable lipid represented in colored sphere. Phosphorus
atoms of DSPC molecules are shown in orange spheres. Cholesterol molecules are represented in green. Increasing
the population of Lipid-5 generates new structural states for the bilayer, resulting in aggregation of protonated and
neutral Lipid-5 on the surface and at the core of the bilayer, respectively.
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Figure S7: Molecular images of the membrane bilayer systems viewed from the top. Molecular images of all
the simulated systems taken from each trajectory after 3 µs of simulations. Columns and rows are classified based on
replicas and proportion of Lipid-5, respectively. Protonated and neutral Lipid-5 are shown in red and cyan, respectively,
with nitrogen atom of each ionizable lipid highlighted in colored sphere. Orange spheres represent the phosphorus
atoms of DSPC molecules. Cholesterol molecules are shown in green.
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Systems Lipid-5 % Protonated Lipid-5 Neutral Lipid-5 Lipid-5 DSPC
1 10 0.795 0.547 0.671 0.819

2 20 0.697 0.268 0.483 0.789

3 30 0.631 0.139 0.385 0.777

4 40 0.532 0.059 0.295 0.701

5 50 0.471 0.030 0.251 0.669

Table S2: Order parameter of Lipid-5 and DSPC molecules. Mean and standard deviation of order parameters,
calculated for neutral and protonated Lipid-5 as well as DSPC molecules. The order parameter of different lipid
components decrease, as bilayers get more populated with Lipid-5.

Systems Lipid-5 % Partitioning coefficient (µ) Partitioning coefficient (σ)
1 10 0.0013 0.0019

2 20 0.0000 0.0000

3 30 0.0028 0.0039

4 40 0.0095 0.0078

5 50 0.0223 0.0039

Table S3: Mean (µ) and standard deviation (σ) of cholesterol partition coefficient Cholesterol partition coefficient
increases as bilayers get more populated with Lipid-5.
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Figure S8: Time series of bilayer characteristics in systems with different proportions of Lipid-5. Cholesterol
partitioning, calculated for last 1 µs of all simulated systems with first, second, and third replicas, represented in left,
middle, and right panels, respectively.
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