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Table S1: Overview of all simulated systems. Each system consists of 128 lipid molecules; systems

highlighted in blue were additionally simulated at 512 lipids.

DPPC-LA3S5 bilayers DPPC content (%) | LA3S5 content (%) Other
0 % 100 0 —
17 % 83 17 —
33 % 67 33 —
50 % 50 50 —
66 % 34 66 —
78 % 22 78 —
83 % 17 83 —
100 % 0 100 —

Bacterially derived lipids - | DPPC content (%) LA3S5 content (%) | IPPC content (%)
IPPC

0% — 0 100
17 % — 17 &3
50 % — 50 50
83 % — 83 17

100 % — 100 0




Different ladderane lipids | DPPC content (%) LA3S content (%) | Other

and alcohols

LA35 78 22 —
LASS 78 — 22 % LASS
60L3 78 — 22 % 60L3
60L5 78 — 22 % 60L5
CHOL 78 — 22 % CHOL

SI.1 Input files creation

The topology input files for ladderane alcohols were created by modifying the provided input files for

ladderane phospholipids as follows:

1.

The .itp file for the LA35 molecule was altered to retain only the relevant bonds, angles, and
dihedral angles found in the alcohol molecule.

One hydrogen atom was removed from the terminal carbon, and the carbon atom was converted
into an oxygen atom.

This oxygen atom was assigned a suitable atom type from the CHARMM?36 force field to reflect
its hydroxyl nature.

The charges of the molecules neighbouring the oxygen atom were adjusted accordingly to
ensure overall charge neutrality.

Finally, all atoms were renumbered.

The .pdb and .itp files for cholesterol and DPPC molecules were obtained from CHARMM-
GUL

A custom Python script was utilised to create a .pdb input file (script layout in Fig. S1) containing the

coordinates of a phospholipid bilayer with 128 molecules (64 per leaflet). A total of 6712 TIP3P water

molecules were added using integrated GROMACS functions.




Figure S1: Visualisation of the bilayer creation process: 1 - scaling of the template and choice of
a headgroup atom, 2 - rotation of phospholipid models to obtain a template for both leaflets, random
assignment of one molecule-type to the template positions, 3 - transferring whole molecules of one

phospholipid type to their assigned positions in the template, 4 - repeat for other molecule-types.

Figure S2: Visualisation coordinate convention of the simulated bilayers. The sampling frame used for

bilayer structure visualisation is indicated by the red border.
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Figure S3: Sliced representations of the final state of a DPPC bilayer containing 22 % LA35. Each slice
spans 20 A in width, with the corresponding distances from the first slice indicated. An ordered region

is visible at distances of 10 and 20 A, while a ripple-like region appears at 40 A.



SI1.2 Size dependence

For better comparison, results obtained for bilayers four times larger are presented. As can be seen, the
phase behaviour of all systems is very similar; just the bilayer rippling also occurs at lower LA35
contents (comparing Fig. 3 and Fig. S4). The most pronounced difference is observed in the thickness
analysis, where thickness variations are significantly larger in the bigger systems (Fig. S5). This is
expected, as larger bilayers provide a greater lateral area for the development of undulations, caused in
part by the presence of rippled regions. Otherwise, the overall behaviour is consistent with that of the

smaller systems, whose analyses and results are presented in the main text.
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Figure S4: Final states of DPPC-LA35 bilayers obtained by MD simulations using an enlarged system
(512 molecules), represented by 20 A wide cross-sectional slices in two orthogonal directions for each
case. The values indicate the molar percentage of LA35 in the bilayer. DPPC molecules are shown in

green, LA35 molecules in magenta, and nitrogen atoms in blue.
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Figure S5: Membrane thickness as a function of LA35 percentage in the membrane in small (left) and
4 times bigger systems (right). The error bars represent the standard deviation of the average thickness
values of the last 50 ns of the MD simulation, and the blue region signifies the mean standard deviation

within one bilayer conformation.



SI.3 Molecular grouping

To investigate potential phase separation curves representing the ratio of intermolecular contacts

between minority components (*minmin) in each leaflet were plotted. As a contact, an intermolecular

distance < 0.4 nm is classified. The value of 100 % corresponds to the sum of all contacts with the

minority group, including both minority—minority ("minmin) and minority—majority ("“minmaj) contacts.

nminmin

X, . —
minmin
nminmin +n

minmaj,
Data were collected every 100 fs. The resulting curves were smoothed using a moving average with

a window size of 25.

In the DPPC-LA35 bilayers, the minority groups differ for each bilayer. For 17 % and 22 %, the LA35
molecules are in the minority, for 66 % and 83 %, the DPPC molecules are in the minority. When LA35
molecules were in the minority, no molecular grouping or dispersion was observed. When DPPC
molecules were in the minority, the ratio profile was somewhat more irregular, but this can still be

attributed to random molecular motion.

In DPPC bilayers containing a fixed 22 % of ladderane molecules or cholesterol, DPPC was always in
the majority. Some degree of separation may be present in the upper leaflet of the bilayer, as suggested
by the x,.;.mi» dependence, but otherwise no phase separation was observed within the leaflets. Among
the different systems, the only significant phase separation occurred in the bilayer with 22 % LA35,
where the rippling of the bilayer was formed predominantly from DPPC molecules, causing the
minority LA35 molecules to concentrate in the non-rippled regions. All other x,,;,.;, dependencies can

be regarded as arising from random behaviour.
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Figure S6: a) Ratio of intermolecular contacts between minority components as function of time for
DPPC-LA35 bilayers with increasing percentage of LA35 as indicated. b) Ratio of intermolecular
contacts between minority components as function of time for DPPC bilayers with a fixed 22 % of

ladderanes of cholesterol as indicated.

SI.4 Deuterium order parameter

Carbon-hydrogen or carbon-deuterium (Scp) order parameter describes the orientation (orientational
mobility) of the C—H bonds in relation to the bilayer normal, conventionally the Z-axis in bilayer
simulation. Its value can be computed from the all-atom system simulation by calculating the value of
the C—H — Z-axis angle (notated as 0) for each carbon atom of the lipid tail accordinglys!:

B (3cos® 6 - 1)

cD — 2

b

where () denotes the time average. Conventionally, the —S¢p, numbers are computed by gmx order. The
more the absolute value |Scp| approaches 0.5 (the state where the C—H bonds are parallel to the bilayer

plane), the more ordered the bilayer is.



Deuterium order parameter
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Figure S7: Deuterium order parameter for both acyl chains inside DPPC molecules for DPPC-LA35
bilayers with a varying percentage of DPPC as indicated in the legend.

In pure DPPC bilayer simulations found in the literature at room temperatures, the —Scp of the SN1
chain typically decreases gradually from around 0.2 with increasing distance of the carbon from the
polar head.? In our |Scp| evaluation of the SN1 chain, the pure DPPC bilayer exhibited a stable [Scp
value slightly below 0.3, with a sudden decrease for the last two atoms. The higher |S¢p| value compared
to existing studies is presumably attributable to the lower simulation temperature (10 °C). As for the
SN2 chain, the first carbons of the SN2 acyl chain should be closer to the surface and have a higher
|Scp| number than those in the SN1 chain (except of course for the second atom).5* In our case, this

holds true for the sixth atom.

Unexpectedly, in both SN1 and SN2 chains, membranes DPPC 50, DPPC 66, DPPC 78 and DPPC 83
show similar or higher values of |[Scp| compared to the pure DPPC bilayer, despite the visual inspection
and area per lipid suggesting lower ordering. This inconsistency is caused by the visible parallel tilt of
ordered DPPC molecules in the DPPC 100 bilayer. The tilt of the ordered DPPC bilayer is a known
phenomenon and is dependent on the temperature or eventual cholesterol content.5*5* Regarding
bilayers DPPC 17 and DPPC 33, there is |[Scp| increment around the 10" —11t% atom in the SN2 chain..

Those bilayers are in an unordered state.



Deuterium order parameter
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Figure S8: Deuterium order parameter for both acyl chains inside DPPC molecules for DPPC bilayers

with fixed 22 % of ladderanes or cholesterol as indicated in the legend.

Regarding the deuterium order parameter, the addition of CHOL to the bilayer improved its ordering,
especially for the middle carbons within the acyl chain. This is in good agreement with the literature,
where upon the addition of cholesterol to the bilayer, the |Scpjnumber increases from the fourth carbon,
reaching a peak around the ninth carbon atom, and then slowly decreases with distance.5* Cholesterol
molecules are known to increase the ordering of the bilayer while preserving its fluidity. As 10 °C is
far below the transition temperature of DPPC bilayers, the bilayer should be either in a significantly
ordered liquid state or in a gel state. (paper S° suggests a so-called modulated phase, which is a liquid
phase with high thickness variance). The [Scp| values of the ladderane alcohols are lower than those of
cholesterol; however, they still apparently introduce orderliness to the membrane. Surprisingly, the
LA35 values are as high as the alcohol bilayers. This high ordering is caused by the rippling of the
bilayer, where the rippled site in the bilayer is ordered by interlocking of the DPPC chains from

opposing leaflets with no significant tilt.



SI.5 Density

Mass density profiles along the bilayer normal were created to analyse the bilayer integrity and assess
the distribution of molecular density across the bilayer. This analysis offers insight into the partitioning
potential of small-molecule hydrophobic substances into the membrane, as multiple regions throughout

the bilayer are suitable for substance incorporation.S¢-57
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Figure S9: Density profile of LA35-DPPC bilayers through the bilayer (alongside the z-axis). A, B, C

and D regions are marked. Different LA35 ratios are colour-coded.

There are four distinctive density areas in Fig. S9. Area A represents the phospholipid headgroups, the
densest part of the bilayer, located approximately 2 nm from the centre of the bilayer. Here, the density
of this region increases with higher DPPC content in the bilayer. In contrast, in the second visible
maximum, approximately 0.6 nm from the bilayer centre (region C), where ladderane motifs are
present, the bilayer density increases proportionally with the abundance of ladderane phospholipids.
Area B, situated approximately 1.2 nm from the bilayer centre, contains a local density minimum. For
bilayers with more than 22 mol% of LA35 phospholipid, this minimum is quite distinctive. The density
values are very similar across these bilayers. The LA 0 bilayer exhibits a higher density in this region
compared to region C. Finally, region D is located at 0 nm in the interleaflet cavity. Although no explicit
density trend is observed in region D, the pure DPPC bilayer is the densest among all membranes in
this area, possibly indicating that the addition of LA35 phospholipid causes disruptions and increases

the spacing between leaflets.



The addition of LA35 phospholipids may enhance the incorporation of substances favouring region D,
which are typically small hydrophobic molecules like benzene.S® Conversely, the increased density in
area C could limit the encapsulation of larger hydrophobic molecules.5® However, less hydrophobic
small-molecule solutes tend to incorporate beneath the phospholipid headgroups corresponding to

region B,5%510hich exhibits lower density in LA35-rich membranes. Therefore, such membranes may

have more space available to act as hosts for substance encapsulation.

0% 33 %
- T T T T T T
1500 —
1500 3 .
— whole bilayer I\ — whole bilayer
— DPPC
— LA35
= water
— all
<~ 1000 = 1000
‘s 8
= =0
< =
= =
2 2
500 500
¢ 0
Average relative position from center (nm}) Average relative position from center (nm)
17 % 50 %
T T T
1500 — 1500 — .
— whole bilayer — whole bilayer
— DPPC — DPPC
— LA3S — LA35
— water — Water
— all = all
1000 < 1000
z =
a8 a
500 500
AEN
0 KN o
-4 -2 0 .
Average relative position from center (nm)
66 %
83 %
T T T T
1500 - —T—T T
f\ . — whole bilayer 1500 — |
Iy \ — DPPC — whole bilayer
L fo \ — LA3S - DPPC
LY 1 — water — LA3S
! 1 — al — water
— all
1000
g 1000
o 's
- =
= 50
= &
Z z
o Z
a 3
=1
500
500
0s o

Average relative position from center (nm)

Average relative position from center (nm)




1500

<~ 1000

Density (kg m

500

100 %

— whole bilayer

[ !

!
-2 0 2
Average relative position from center (nm)

Figure S10: Density profile of LA35-DPPC bilayers with water included.
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