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Figure S1: Chemical structure of DHAP, and the general structures of the various lipid types
constituting the BH membrane. Atoms in blue were used as reference for APL calculations.
Atoms in magenta define the lipid vectors used for tilt angle calculations.
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Membrane thickness
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Figure S2: (a) The bilayer thickness (± standard error) over time was measured using the
average phosphorus-to-phosphorus distance in the z-dimension. (b) The bilayer thickness as
a distribution in each system.
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Surface roughness parameter
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Figure S3: (a) The mean surface roughness (± standard error) in the upper and lower leaflets
was defined using the root-mean-square deviation in z-positions of the C2 or C2S atoms of
non-CHOL lipids. (b) The surface roughness as a distribution in each system.
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Average area per lipid
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Figure S4: The global average area per lipid (APL ± standard error) over time, whereby the
xy-area of the simulation box is divided by the number of lipids per leaflet.
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Area per lipid over time
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Figure S5: The area per lipid (APL ± standard error) of the various lipid types in each
system was calculated using the Voronoi tessellation method. The C1 atom was used as
reference for DHAP; the O3 atom for CHOL; a triad of C2, C21, C31 atoms for PC, PE,
PS, and PI; and a triad of C1F, C2S, C3S atoms for SM and CER. Reference atoms are
highlighted in blue in Figure S1.
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Area per lipid distributions
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Figure S6: The area per lipid (APL) of the various lipid types in each system as a distribution.
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The BH-DHAP200 system (50% DHAP)

We have also simulated the BH membrane with 50% DHAP (BH-DHAP200) (Table 1).

However, visual observations of the trajectory revealed that the DHAP molecules are dif-

fusing and aggregating at the bilayer centre over time, and is sandwiching in the mid-plane

between the upper and lower leaflets (Figure S7). Hence, we excluded the BH-DHAP200

system because this behaviour makes it incomparable to the other systems here (Figure S7).

(a) 0 ns (b) 500 ns (c) 700 ns

Figure S7: Snapshots of BH-DHAP200 over time. DHAP molecules are shown in V DW
representation: carbons in grey, and oxygens in red. Phosphorus atoms used to measure
the membrane thickness are shown in magenta V DW spheres. The remaining BH lipids are
shown in cyan licorice representation. All hydrogen, water, and ion atoms were removed for
clarity. The ever-increasing surface roughness in both leaflets of BH-DHAP200 (Figure S3)
indicate great undulations at the membrane interfaces, which is reflected in the bilayer’s
changing thickness (Figure S2). To investigate this, visualisation of the trajectory revealed
that the DHAP molecules are diffusing and aggregating at the bilayer centre over time.
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Tilt angle distributions (packing)

0.00

0.02

0.04

0.06

0.08
Vector C17 C3 of CHOL

BH
BH-DHAP40
BH-DHAP80
BH-DHAP120

Vector C22 C1 of DHAP

BH-DHAP40
BH-DHAP80
BH-DHAP120

0 30 60 90 120 150 180
0.00

0.02

0.04

0.06

0.08
Vector C11 C1 of DHAP

BH-DHAP40
BH-DHAP80
BH-DHAP120

0 30 60 90 120 150 180

Vector C22 C11 of DHAP

BH-DHAP40
BH-DHAP80
BH-DHAP120

Angle ( )

D
is

tri
bu

tio
n

Figure S8: Tilt angle distributions. Atoms defining the vectors are highlighted in magenta
in Figure S1.

S9



Tilt angle distributions (headgroup)

0.00

0.01

0.02

0.03

0.04
Vector P N of PC

BH
BH-DHAP40
BH-DHAP80
BH-DHAP120

Vector P N of PE

BH
BH-DHAP40
BH-DHAP80
BH-DHAP120

0.00

0.01

0.02

0.03

0.04
Vector P N of PS

BH
BH-DHAP40
BH-DHAP80
BH-DHAP120

Vector P C14 of PI

BH
BH-DHAP40
BH-DHAP80
BH-DHAP120

0 30 60 90 120 150 180
0.00

0.01

0.02

0.03

0.04
Vector P N of SM

BH
BH-DHAP40
BH-DHAP80
BH-DHAP120

0 30 60 90 120 150 180

Vector O1 C4 of CER

BH
BH-DHAP40
BH-DHAP80
BH-DHAP120

Angle ( )

D
is

tri
bu

tio
n

Figure S9: Tilt angle distributions. Atoms defining the vectors are highlighted in magenta
in Figure S1.
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z-positions of DHAP
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Figure S10: The z-positions of DHAP molecules in intervals of 2 ns. The C1 atom is used
as reference. The bilayer is centred at z = 0.
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z-positions of DHAP
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Figure S11: The z-positions of DHAP molecules in intervals of 2 ns. The C1 atom is used
as reference. The bilayer is centred at z = 0.
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z-positions of DHAP
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Figure S12: The z-positions of DHAP molecules in intervals of 2 ns. The C1 atom is used
as reference. The bilayer is centred at z = 0.
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Mass densities
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Figure S13: The minimum points in the mass densities for (a) the C1 atoms of DHAP and
(b) the O3 atoms of CHOL were used to define the flip-flop range to be between z ± 8 Å.
The bilayer is centred at z = 0.

S14



Clustering using machine learning DBSCAN

Aborted flip-flops define when a lipid attempts to flip-flop and travels to the flip-flop range

at z ± 8 Å from the bilayer centre but returns to its residing leaflet eventually. In order to

determine the number of aborted events:

1. First, we find the z-coordinates of DHAP (C1 atom was used as reference) that are

within the flip-flop range at z ± 8 Å,

2. Then, the machine learning technique, Density-Based Spatial Clustering of Applica-

tions with Noise (DBSCAN),1 was applied to identify each flip-flop event by clustering,

where each cluster corresponds to a flip-flop event. DBSCAN requires two user-defined

arguments,1 where eps=8 (neighbourhood radius) and min samples=1 (minimum num-

ber of samples in a neighbourhood). We evaluated a range of eps values from 1 to 12,

and found that the clustering algorithm works best within the range of eps=6 to 11

(Figures S14–S22).

3. The output gives the total number of events (Ntotal) that includes successful (Nsuccessful)

and aborted (Naborted) flip-flops, and thus, allows us to calculate the number of aborted

events, Naborted = Ntotal −Nsuccessful. And the aborted flip-flop rate (k) can be calcu-

lated using:2

k =
N

t ·M

where N is the number of flip-flop events, t is the total simulation time, and M is the

total number of DHAP molecules in the system.

4. In addition, the minimum and maximum data-points in each cluster allows us to calcu-

late the duration of each flip-flop (∆t = tfin − tini) (Figure 6a), as well as the distance

travelled in xy for each flip-flop (∆xy =
√

(xfin − xini)2 + (yfin − yini)2 ) (Figure 6b).
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Figure S14: Examples of how DBSCAN finds clusters within the flip-flop range (dotted lines
at z ± 8 Å) evaluated using a range of eps values. Each cluster corresponds to a flip-flop
event (in different colours). We expect DBSCAN to find 4 events. The C1 atom was used
as reference. The bilayer is centred at z = 0.
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Figure S15: Examples of how DBSCAN finds clusters within the flip-flop range (dotted lines
at z ± 8 Å) evaluated using a range of eps values. Each cluster corresponds to a flip-flop
event (in different colours). We expect DBSCAN to find 4 events. The C1 atom was used
as reference. The bilayer is centred at z = 0.
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Figure S16: Examples of how DBSCAN finds clusters within the flip-flop range (dotted lines
at z ± 8 Å) evaluated using a range of eps values. Each cluster corresponds to a flip-flop
event (in different colours). We expect DBSCAN to find 3 events. The C1 atom was used
as reference. The bilayer is centred at z = 0.
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Figure S17: Examples of how DBSCAN finds clusters within the flip-flop range (dotted lines
at z ± 8 Å) evaluated using a range of eps values. Each cluster corresponds to a flip-flop
event (in different colours). We expect DBSCAN to find 4 events. The C1 atom was used
as reference. The bilayer is centred at z = 0.
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Figure S18: Examples of how DBSCAN finds clusters within the flip-flop range (dotted lines
at z ± 8 Å) evaluated using a range of eps values. Each cluster corresponds to a flip-flop
event (in different colours). We expect DBSCAN to find 4 events. The C1 atom was used
as reference. The bilayer is centred at z = 0.
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Figure S19: Examples of how DBSCAN finds clusters within the flip-flop range (dotted lines
at z ± 8 Å) evaluated using a range of eps values. Each cluster corresponds to a flip-flop
event (in different colours). We expect DBSCAN to find 6 events. The C1 atom was used
as reference. The bilayer is centred at z = 0.
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Figure S20: Examples of how DBSCAN finds clusters within the flip-flop range (dotted lines
at z ± 8 Å) evaluated using a range of eps values. Each cluster corresponds to a flip-flop
event (in different colours). We expect DBSCAN to find 5 events. The C1 atom was used
as reference. The bilayer is centred at z = 0.
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Figure S21: Examples of how DBSCAN finds clusters within the flip-flop range (dotted lines
at z ± 8 Å) evaluated using a range of eps values. Each cluster corresponds to a flip-flop
event (in different colours). We expect DBSCAN to find 7 events. The C1 atom was used
as reference. The bilayer is centred at z = 0.
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Figure S22: Examples of how DBSCAN finds clusters within the flip-flop range (dotted lines
at z ± 8 Å) evaluated using a range of eps values. Each cluster corresponds to a flip-flop
event (in different colours). We expect DBSCAN to find 7 events. The C1 atom was used
as reference. The bilayer is centred at z = 0.
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Successful double flip-flops in BH-DHAP80
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Figure S23: The z-positions show pairs of DHAP molecules where the double flip-flop is
successful. Hydrogen bonding occurs at frames highlighted in blue. The C1 atom is used
as reference. The bilayer is centred at z = 0. Hydrogen bonds between DHAP-DHAP were
found within the flip-flop range at z ± 8 Å (dotted lines).

S25



Successful double flip-flops in BH-DHAP120
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Figure S24: The z-positions show pairs of DHAP molecules where the double flip-flop is
successful. Hydrogen bonding occurs at frames highlighted in blue. The C1 atom is used
as reference. The bilayer is centred at z = 0. Hydrogen bonds between DHAP-DHAP were
found within the flip-flop range at z ± 8 Å (dotted lines).
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Examples of aborted double flip-flops
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Figure S25: The z-positions show examples of pairs of DHAP molecules where the double
flip-flop is aborted. Hydrogen bonding occurs at frames highlighted in blue. The C1 atom is
used as reference. The bilayer is centred at z = 0. Hydrogen bonds between DHAP-DHAP
were found within the flip-flop range at z ± 8 Å (dotted lines).
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Examples of assisted flip-flops
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Figure S26: The z-positions show examples of pairs of DHAP molecules where the flip-flop
is assisted by one of the DHAPs. Hydrogen bonding occurs at frames highlighted in blue.
The C1 atom is used as reference. The bilayer is centred at z = 0. Hydrogen bonds between
DHAP-DHAP were found within the flip-flop range at z ± 8 Å (dotted lines).
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z-positions of CHOL
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Figure S27: The z-positions of CHOL lipids in intervals of 2 ns in the BH, BH-DHAP40,
BH-DHAP80, and BH-DHAP120 systems. The O3 atom is used as reference. The bilayer is
centred at z = 0.
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Flip-flop rates of CHOL

Flip-flop rates (k) were defined using:2

k =
N

t ·M

where N is the number of flip-flop events, t is the total simulation time, and M is the total

number of CHOL lipids in the system.

Table S1: Number of flip-flop events (N) and the corresponding flip-flop rates
(k) of successful and aborted flip-flops of CHOL at increasing molar fractions of
DHAP (% DHAP) in the membrane.

BH BH-DHAP40 BH-DHAP80 BH-DHAP120

% DHAP 0% 17% 30% 38%

Successful

N 0 0 4 1

k (µs−1) 0 0 0.04 0.01

Aborted

N 0 2 16 30

k (µs−1) 0 0.02 0.16 0.31
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