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The composition of phospholipid membranes in cellular organelles is tailored to their functionality and
reflects the evolutionary pressures prevailing in specific environmental niches. While many organisms
share common membrane motifs, anaerobic ammonium-oxidising bacteria stand out as their
membranes are enriched with distinctive ladder-like molecules called ladderanes. Membranes containing
these conjugated cyclobutane structures have been studied for their permeation properties, density, and
organisation, but their exact biological function remains unclear. In the present work, molecular
dynamics simulations were used to investigate the behaviour of phospholipid membranes containing
ladderane phospholipids or ladderane alcohols. The simulations showed that increased ladderane
phospholipid content disrupted the membrane order and made it more permeable to hydrazine, while
ladderane alcohols had a stabilising effect and maintained a well-ordered bilayer structure with low
permeability. The results further indicate that compared to common phospholipid membranes,
membranes bearing ladderane alcohols possess unusually high fluidity even at low environmental
temperatures while retaining a high membrane density comparable to rigid membranes in the gelled
state. This phase behaviour of membranes revealed surprising similarities between the roles of ladderane
alcohols and cholesterol in terms of membrane fluidity and molecular order, providing a possible new
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1. Introduction

Anaerobic ammonium-oxidising bacteria, commonly known as
anammox bacteria, are organisms discovered in the early
1990s."” They thrive in diverse environments, including waste-
water, freshwater lakes and oceanic regions. Depending on the
specific site, these water temperatures can reach below 10 °C or
above 30 °C.>” Anammox bacteria host reactions in which
ammonium and nitrites are converted mainly to gaseous nitro-
gen. Interestingly, hydrazine — a highly reactive and toxic com-
pound - plays a role as one of the intermediates during the
process.® The reactions happen inside the anammoxosome, an
organelle bounded by a phospholipid bilayer in which all the
crucial anammox enzymes are located. The anammoxosome
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angle on the biological role of these unusual ladder-like molecules in anammox bacteria.

membrane is characterised by regions with high curvature.”
The anammoxosome membrane contains molecules with unique
motifs. These motifs are called ladderanes as they are composed
of conjugated cyclobutanes/cyclohexanes visually resembling a
ladder.® Two main motifs were observed, the [3]-motif (three
conjugated cyclobutanes conjugated with cyclohexane, which is
connected to the C-chain) or the [5]-motif (five conjugated
cyclobutanes connected to the C-chain). Their structures are
shown in Fig. 1. Natural ladderane phospholipids typically con-
tain at least one [3]-motif, molecules containing only [5]-motifs
are scarcer.”'’

Conjugated cyclobutene rings are uncommon structures in
living organisms and generally in nature. The functional role of
ladderane motifs in the organelles of bacteria with such an
unusual metabolism is still unclear. The hypothesis that
ladderane-bearing lipid bilayers could prevent hydrazine from
permeating out of the organelle has been undermined by the
finding that a membrane composed of ladderane phospholipids
exhibits hydrazine permeability comparable to that of a conven-
tional phospholipid bilayer."* However, ladderane bilayers exhi-
bit very low proton permeability, suggesting that their role may
instead be to preserve the proton motive force.'*** It is also
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Fig. 1 Natural ladderane motifs, denoted as the [3]-motif (left) and the
[5]-motif (right).

possible that ladderane motifs in anammox bacteria have some
other, as yet unknown, function.

The properties of lipid bilayers, such as rigidity or perme-
ability for small molecules, are strongly influenced by the
membrane phase behavior,"® which can transition between
the sub-gel, flat gel, tilted gel, ripple, and fluid phases.’* The
membrane composition determines a characteristic transition
temperature that marks the shift between the gel and the fluid
phases." The phase behaviour of membranes can be modulated
by the presence of specific molecules such as cholesterol,'®
which can constitute up to 30% of the cellular lipid bilayer in
animals,'” while bacterial membranes typically lack cholesterol.
Increasing the cholesterol content condenses the bilayer, redu-
cing the specific area per lipid and the tilt angle of the lipid acyl
chains, while increasing bilayer density and thickness.'® Above
the phase transition temperature, cholesterol increases mole-
cular ordering and therefore adds rigidity to the bilayer. Below
the phase transition temperature, cholesterol contributes to
bilayer fluidization while maintaining a high degree of order.

In living systems, the composition of the bilayer often changes
in response to environmental fluctuations, as the membrane
must remain within certain limits of fluidity and rigidity required
for optimal cell function." In anammox bacteria, membranes are
known to contain cholesterol-like bacteriohopanoids such as
bacteriohopanetetrol, bacteriohopanetetrol cyclitol ether as well
as hopanoid intermediates such as squalene; their highest levels
were detected in cold-adapted anammox bacteria,”® supporting
earlier suggestions that these compounds help maintain the
balance between membrane fluidity and rigidity.

Exploring the phase behaviour of ladderane membranes could
provide valuable insight into natural anammox activity and the
role played by ladderane motifs. However, the extraction of pure
ladderane molecules from bacterial cultures has proven difficult,
and although complete laboratory synthesis of ladderane mole-
cules is in principle possible, the yield has been low.”* Hence,
computational approaches may offer a suitable alternative to
physical experiments for exploring ladderane membrane beha-
viour and provide a powerful tool for in silico testing of hypoth-
eses concerning the biological role of ladderane motifs.?**?

In this work, computational techniques were employed to
explore the influence of ladderane molecules on the phase
behaviour and permeability of lipid bilayers. Special emphasis
was placed on simulations comparing ladderane lipids and
ladderane alcohols, as the experimental analysis of anammox
bacteria composition often does not distinguish between the two.
The computational approach used in our work was based on the
combination of Molecular Dynamics (MD) to resolve the
membrane structure at defined temperatures and compositions,
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and COSMOPerm to evaluate the permeability of small molecules
across the membranes. These computational tools nowadays
make it possible to simulate bilayers of biologically relevant
composition and size**° and evaluate their structure, phase
behaviour, electron density profile and other properties of
interest with consistent quality.>” ' The ability to obtain trends
for composition-dependent membrane properties from in silico
models can be used to formulate hypotheses about the possible
role of ladderane structures in anammox bacteria.

2. Methodology

2.1. Overall approach and system choice

A series of phospholipid bilayers containing systematically
increasing content of ladderane molecules were simulated by
molecular dynamics (MD) to examine the influence of ladder-
ane type and concentration on the membrane structure and
phase behaviour. Membranes based on two lipids were simu-
lated: DPPC (1,2-dipalmitoylphosphatidylcholine) as a bench-
mark phospholipid whose phase behaviour is well known in the
literature, and IPPC (1-palmitoyl-2-(14-methylpentadecanoyl)-
sn-glycero-3-phosphocholine) as a representative bacteria-specific
phospholipid. Ladderane molecules incorporated into the mem-
branes included two ladderane lipids (LA35 and LA55) and two
ladderane alcohols (60L3 and 60L5). The rationale behind their
choice was the abundance of anammox bacteria and the
presence of both [3]- and [5]-motifs. Experimental analysis of
anammox bacteria typically provides the total content of ladder-
ane motifs but not their exact source (lipids vs. alcohols). Hence,
we wanted to compare the effects of ladderane lipids and
ladderane alcohols separately - a test that can only be done in
silico at present. Membranes with cholesterol were simulated as
a reference. Cholesterol has been chosen as a reference system
not only due to its structural analogy with hopanoids® but also
because cholesterol-containing membranes represent a well-
characterised and extensively studied model in molecular dynamics
simulations that serves as a robust benchmark for interpreting
membrane behaviour investigated in this work. The structures of
all molecules used in the study are shown in Fig. 2. A table of all
modelled systems can be found in the SI.

All simulations were performed at 10 °C to mimic the naturally low
temperatures that anammox bacteria endure.’® Since IPPC-based
membranes are expected to have a lower phase transition temperature
than those based on DPPC, thanks to their branching,* this tem-
perature choice made it possible to compare the effect of ladderanes
on membranes in different phases.

2.2. Molecular dynamics simulations

The input topology files for LA35 and LA55 phospholipids,
together with the modified CHARMMS36 force field, were gener-
ously provided by Himanshu Khandelia and his research group
from their previous work.** The structural model and force
field parameters of IPPC were obtained from the CHARMM-GUI
lipid database.>* The methodology for obtaining topology files
for ladderane alcohols, along with the creation of initial bilayer

Phys. Chem. Chem. Phys., 2026, 28,12730-12743 | 12731


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6cp00146g

Open Access Article. Published on 07 April 2026. Downloaded on 6/19/2026 2:57:45 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

PCCP

HO

View Article Online

Paper

Fig. 2 Structure of molecules used in this work. DPPC (1,2-dipalmitoylphosphatidylcholine) and IPPC (1-palmitoyl-2-(14-methylpentadecanoyl)-sn-
glycero-3-phosphocholine) phospholipids, LA35 (1-(8-[5]-ladderane-octanoyl)-2-(8-[3]-ladderane-octanoyl)-sn-glycero-1-phosphocholine) and LA55
(1-(8-[5]-ladderane-octanoyl)-2-(8-[5]-ladderane-octanoyl)-sn-glycero-1-phosphocholine) ladderane lipids, 60L5 (6-[5]-ladderane-1-hexanol) and
60L3 (6-[3]-ladderane-1-hexanol) ladderane alcohols, and cholesterol ((3f)-cholest-5-en-3-ol).

conformations of smaller bilayers (128 molecules), is described
in detail in the SI. Initial bilayer conformations for larger
bilayers (512 molecules) were constructed using the Packmol
software.?® The bilayer systems were then hydrated with TIP3P
water, achieving an approximate hydration level of 52 water
molecules per lipid.

All molecular dynamics (MD) simulations and some para-
meter evaluations were performed using GROMACS software,
versions 2022 or 2020.1.>° Energy minimisation was performed
using the conjugate gradient algorithm with an initial step
size of 0.001 nm and a maximum force threshold of
1000.0 k] mol™! nm~'. MD simulations were carried out in
the constant number, constant temperature, and constant
pressure (NpT) ensemble. A leapfrog integrator was employed
under three-dimensional periodic boundary conditions with
the modified®® all-atom CHARMMS36m force field.>” The pressure
was regulated using the Parrinello-Rahman barostat*® with semi-
isotropic coupling, a reference pressure of 1 bar, a relaxation time

12732 | Phys. Chem. Chem. Phys., 2026, 28, 12730-12743

of 5 ps, and a compressibility of 4.5 x 10> bar ™", consistent with
the experimental compressibility of liquid water.

Equilibration runs were performed with a duration of 2 ns
each, using a time step of 1 or 2 fs. The temperature was
constant in all simulations and maintained at 283 K (10 °C)
using a V-rescale thermostat®® with a coupling constant of 1 ps.
Consequently, phase assignments discussed in this work are
based on structural and dynamical bilayer descriptors (ordering,
thickness, and lateral organisation) at this fixed temperature,
rather than on explicitly determined temperature-dependent
phase transitions. During NpT (constant number of atoms,
constant pressure and temperature) equilibration, the bilayer
was expected to rapidly shrink from its high-energy state due to
large initial intermolecular distances. After equilibration, simu-
lations were executed with a time step of 2 fs. The temperature
was consistently maintained at 283 K (10 °C) using the Nosé-
Hoover thermostat,*® to facilitate the study of ladderane beha-
viour at lower temperatures. The short-range neighbour list and

This journal is © the Owner Societies 2026
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electrostatic cutoff distances were set to 1.4 nm, with interac-
tions beyond this range handled by the Particle Mesh Ewald
(PME) method. The cutoff distance for short-range van der Waals
forces, represented by the Lennard-Jones 12-6 potential, was set
to 1.2 nm. The LINCS algorithm*' was used to constrain all
carbon-hydrogen bonds, thus preventing frequent vibrations of
light hydrogen atoms. The simulation duration was 300 ns using
resources provided by the CESNET Metacentrum. All data evalua-
tions were done from the last 50 ns unless otherwise specified.

2.3. Data analysis and post-processing

Visualisation of the simulated systems was generated using PyMOL
software.”” The bilayer images were taken using the Pymol software
as 20 A wide slices from the region of interest of the bilayer (Fig. 52).
The area per lipid parameter was computed by two different
approaches. The first approach, non-specific to the molecule, simply

used the formula APL = x_&y’ where N is the number of molecules

in one leaflet (either 64 or 256) and x, y are the simulation box
dimensions. The second approach used the GridMAT-MD
software,** which finds the specific space of each molecule based
on a grid search algorithm. The bilayer thickness was assessed as the
average P(phosphorus)-P distance across the bilayer using the same
GridMAT-MD software. The density profiles were acquired using the
integrated GROMACS function gmx_density.

2.4. Permeability and partitioning coefficient calculation

Permeability is a proportionality coefficient that relates the
molar flux, J (mol m ™2 s™'), of a substance across a bilayer to
its concentration driving force, Ac (mol m ), according to

0% 17 %
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J = PemAc. Permeability in this work was determined for two
molecules, hydrazine and 5-fluorouracil. Hydrazine plays a crucial
role in the metabolism of anammox bacteria, and its permeability
through ladderane-containing membranes has direct relevance for
deciphering the possible biological role of conjugated cyclobutane
structures in these bacteria. On the other hand, 5-fluorouracil was
chosen as a reference as its permeation through conventional
phospholipid bilayers has been recently explored in the context
of liposomal drug delivery.** The membrane/water equilibrium
partitioning coefficient is a measure of the tendency of a given
molecule to stay in the membrane rather than in an aqueous
environment. It is similar, but not identical to the octanol/water
partitioning coefficient, which is commonly used as a measure of
the lipophilic character of pharmaceutical substances.

Both permeability and the partitioning coefficient were calcu-
lated using the COSMOPerm approach.”® Briefly, representative
frames were selected from the equilibrated portion of the trajec-
tory (typically, the last 5 ns of MD simulations were sampled at
0.5 ns to collect the frames). All molecules constituting the
membrane were then optimised for both structure and energy.
Conformers were generated from SMILES strings using the RDKit
package within the KNIME*® workflow, with up to 20 conformers
produced per molecule. All generated conformers were optimised
using the default force field MMFF94,* and the lowest-energy
structures without internal cyclisation were retained. Hydrogen
atoms were subsequently added to the selected conformers. Each
conformer was further optimised using TURBOMOLE 6.3*® using
DFT/B-P/cc-TZVP vacuum and COSMO water optimisation with a
fine grid option. COSMO files were obtained for all conformers,
and the conformer with the lowest energy, which is not caused by

22 % 33 %

50 % 66 %

83 %

100 %

Fig. 3 Visualisation of DPPC-LA35 bilayers, represented by a 20 A wide cross-sectional slice taken from the final state of the MD simulation. The values
indicate the molar percentage of LA35 in the bilayer. The carbons of DPPC molecules are shown in green, carbons of LA35 molecules in magenta, and

nitrogen atoms in blue.
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internal cyclisation of the ladderane chain, was used for further
COSMO calculation using COSMOTherm X18.

3. Results and discussion

3.1. Structure and properties of DPPC-LA35 bilayers

To gain an initial understanding of the structure of phospholi-
pid bilayers containing ladderane lipids, eight bilayers, each
consisting of 128 phospholipid molecules with a varying ratio of
DPPC and LA35, were composed and subjected to MD simula-
tions as described in Section 2.2. Throughout this publication,
all reported contents are given in molar percent (mol%). The
chosen simulation temperature of 10 °C was well below the
main phase transition temperature of DPPC (41.3 °C).*® Thus,
the pure DPPC membrane (0% of LA35) was in the gel phase,
which is characterised by a high degree of order (Fig. 3). With
increasing content of LA35, the bilayers gradually became more
disordered. In bilayers containing 22-50% of the ladderane
lipid, ordering appeared mainly in regions enriched by DPPC
molecules. For bilayers with even higher LA35 content, these
regions diminished, and a membrane containing 100% of LA35
appeared to be fully in the fluid phase (Fig. 3). The exact phase
transition temperature of LA35 is not known, but it follows from
these MD simulations that it must be below 10 °C. For compar-
ison, the main transition temperature of a structurally similar
phospholipid [5][3]PC was reported to be 11.8 °C'*

The bilayer containing 17% of LA35 had a cross-tilted
arrangement™® characterised by a V-shaped configuration in
which acyl chains from opposing leaflets do not align in parallel.
Interestingly, the partial ordering in a bilayer containing 33% of
LA35 was of the tilted type (i.e., same as in pure DPPC), with acyl
chains from opposing leaflets aligned parallel to each other.
Bilayers with 17% and 22% of LA35 both exhibited some rippled

80 1
)
N’ 70 -4
=
R= <
3 60 4
o
<
g
<< 50 1
40 T T T T — T T T T
0 10 20 30 40 50 60 70 80 90 100
a) LA35 percentage (%)
—— Average APL from box dimensions
—I— Average APL of DPPC molecules
—F— Average APL of LA35 molecules

APL Range (avg. max — avg. min) for DPPC molecules

APL Range (avg. max — avg. min) for LA35 molecules

Fig. 4
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regions, i.e. regions with a reduced bilayer thickness caused by a
partial penetration of acyl chains from opposing leaflets into each
other. A detailed cross-sectional scan of such a region taken from
the bilayer containing 22% of LA35 is shown in the SI, Fig. S3. The
presence of rippled regions in a DPPC membrane at low tempera-
tures has been previously reported.>® To verify that the presence of
the rippled regions was not a size-dependent effect, MD simula-
tions of membranes containing 17%, 22%, 50%, and 83% LA35
were also performed in a 4 times larger system (512 molecules).
The results (shown in the SI, Fig. S4) were consistent with those
obtained using the default MD simulation domain size.

Quantitatively, the structure of the membranes can be
expressed by the area per lipid (APL) and the membrane thick-
ness. These parameters were evaluated from the MD simula-
tions, and their dependence on the membrane composition is
shown in Fig. 4. Lower APL indicates reduced molecular move-
ment and increased bilayer order. The APL was found to increase
with LA35 content for both bilayer components, confirming the
visual observation that pure DPPC was in the ordered gel phase
while the increasing proportion of LA35 enhanced bilayer fluid-
ity. The APL value obtained from the MD simulations at 10 °C
was 48.9 + 0.4 A% for pure DPPC, which is consistent with a
published experimental value of 47.2 + 0.5 A% at 20 °C.*** For
pure LA35 (which was in the fluid state at 10 °C), the area per
lipid from MD simulations was 62.5 + 0.7 A% which is compar-
able with a value of 63.1 A® reported in the literature for a fluid
DPPC membrane at 50 °C.>*>

The membrane thickness (Fig. 4b) was found to decrease with
increasing LA35 content in the membrane, which is consistent
with the qualitative observation of the bilayer structures. The
disordered LA35 acyl chains allowed the bilayer leaflets to come
somewhat closer to each other compared to the well-ordered,
stretched acyl chains of pure DPPC. The density profile across the
membrane (Fig. 5) also reflects the decreasing molecular order;

W
W

Thickness (nm)
2R o
(=1 w (=}

w
W
1

2.5 T T T T T T T T T T
0 10 20 30 40 50 60 70 80 90 100
LA35 percentage (%)

—]— Average thickness
—]— Average minimum
—J— Average maximum

Mean st. deviation
of the thickness
within one frame

(a) Area per lipid evaluated from MD simulations for DPPC-LA35 membranes. (b) Membrane thickness as a function of LA35 percentage in the

membrane. 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.
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Fig. 5 Density profiles of DPPC-LA35 bilayers with increasing molar percentage of the ladderane lipid as indicated. The density plots are shown for
individual components and the whole bilayer. (Density plots including water molecules are shown in the S|, Fig. S10).

Table 1 Calculated permeability (log Perm) and equilibrium bilayer/water
partitioning coefficients (log K) of hydrazine and 5-fluorouracil at 10 °C in
DPPC-LA35 bilayers of increasing ladderane percentage as indicated

of the membrane. Further discussion of density features and
substance integration possibilities is provided in SI, Fig. S9. The
decreasing order in DPPC-LA35 bilayers then manifested itself

Hydrazine 5-Fluorouracil by higher permeability for bilayers with an increasing LA35
LA35 in  10g Perny log K 10 Permn log K content (Table 1). The fact that both permeability and partition-
DPPC (ems™) (mol mol™")  (ecms ™) (mol mol™") ing coefficient of hydrazine increased with increasing LA35
0% 465+ 0.05 —1.33 +004 —718+0.08 0.41 + 0.05 content in the membrane indicates that this ladderane lipid
17% —4.55 +0.03 -1.184+0.04 —6.67 +£0.03 0.86 +0.05 does not appear to improve the resistance of the membrane
22% —4.324£0.06 1214003 —623 +£0.02 035+ 0.03  aoaingt hydrazine diffusion.
33% —4.35 £ 0.04 —1.15+£0.04 —6.25%0.05 0.42 £ 0.02
50% —4.14 4+ 0.02 —1.09 £0.04 —6.02 £ 0.03 0.36 £ 0.04
66% —4.02 £0.09 -1.17 £0.08 —5.72+0.19 0.37 +0.08 3.2. Bilayers composed of bacterially derived lipids
83% —3.84 £ 0.03 —1.07 £0.07 —5.54 £0.02 0.16 £ 0.05 . . .
100%  —3.92 £0.08 —0.72+1.06 —5.50+0.18 0.20+0.14 While DPPC served as an example of a strongly gelling lipid

sharp density maxima corresponding to a tight packing of DPPC
molecules gradually disappeared as the percentage of LA35 in the
bilayer increased. At higher LA35 contents, a second density
maximum in the region of the ladder motif becomes more
pronounced, consistent with increasing structural heterogeneity

suitable for testing the effect of ladderanes on the structure and
properties of well-ordered bilayers at low temperature, this
phospholipid is not natural to anammox bacteria. Therefore,
additional MD simulations were performed with bilayers based
on IPPC, a structurally similar lipid that contains a branched
motif found in anammox membranes (Fig. 2).>*>” The struc-
tures of IPPC-LA35 bilayers with an increasing percentage of the

0%

17 %

50 %

83 % 100 %

Fig. 6 Visualisation of IPPC-LA35 bilayers, represented by a 20 A wide cross-sectional slice taken from the final state of the MD simulation. The values
indicate the molar percentage of LA35 in the bilayer. The carbons of IPPC molecules are shown in yellow, LA35 carbons in magenta, and nitrogen atoms
in blue.
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ladderane lipid are shown in Fig. 6. Compared to DPPC-LA35
membranes discussed above, all compositions appeared to be
shifted towards less ordered structures. A distinctive rippled
phase was observed for a pure IPPC bilayer. With each incre-
ment of the LA35 lipid, the bilayer became more fluid.

The area per lipid (APL) of these bilayers follows the same
trend as previously observed in DPPC-LA35 bilayers; it gradually
increased from around 50 A for pure IPPC to well over 60 A for
the highly disordered pure LA35 bilayer (Fig. 7a). Interestingly,

80 1

2

Area per lipid (A”)

40 1=

0 10 20 30 40 50 60 70 80 90 100
LA35 percentage (%)

Average APL from box dimensions

Average APL of IPPC molecules

Average APL of LA35 molecules

APL Range (avg. max — avg. min) for IPPC molecules

Ittt o

APL Range (avg. max — avg. min) for LA35 molecules I Average maximum

Fig. 7

—]— Average thickness
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the average membrane thickness remained almost constant
(Fig. 7b), only the pure IPPC bilayer displayed a rather large
spread between the minima and the maxima probably due to
local presence of the rippled phase. The density profiles (Fig. 8)
also followed similar trends as in the case of DPPC-LA35
bilayers, the main difference being the profile of pure IPPC,
which did not have the sharp local density maxima that could
be seen in pure DPPC membranes. Overall, it can be concluded
from these simulations that DPPC is a reasonable choice as a
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(a) Area per lipid evaluated from MD simulations for IPPC-LA35 membranes. (b) Membrane thickness as a function of LA35 percentage in the

membrane. 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.
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Fig. 8 Density profiles of IPPC-LA35 membranes with increasing molar percentage of the ladderane lipid as indicated. The density plots are shown for

individual components and the whole bilayer.
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general phospholipid to investigate the effect of ladderanes on
the membrane structure.

3.3. Comparison of ladderane lipids and ladderane alcohols
with [5] and [3] motifs

Given the diversity of ladderane molecules present in
nature,’”*® further MD simulations were carried out with DPPC
bilayers containing an admixture of four different ladderanes
(two lipids and two alcohols as detailed in Section 2.1 and
shown in Fig. 2) to assess their effect on membrane structure
and properties. Cholesterol was included as a reference due to
its known stabilising role on phospholipid bilayers. The molar
percentage of each investigated substance in the bilayer was

60L3

Fig. 9

60L5

View Article Online

PCCP

fixed at 22% based on the combination of experimentally
known composition of anammox organelles and findings from
the previous section, where ladderane content around 20% was
shown to be sufficient to influence the membrane structure.
Note that this percentage is somewhat higher than experimen-
tally reported ladderane alcohol contents found in vivo.>® The
resulting membrane structures are shown in Fig. 9.

Visually, bilayers with [5]-motif molecules appeared to be
more ordered than those with the [3]-motif. Thus, the addition
of LA55 at 22% did not seem to have the same disordering
effect as the addition of LA35 investigated in the previous
section. All bilayers containing alcohols (both ladderane alco-
hols and cholesterol) appeared highly ordered, although slight

CHOL

(a) Visualisation of mixed bilayers, represented by a 20 A wide cross-sectional slice taken from the final state of the MD simulation. The bilayers

consist of DPPC with 22% of a minority component as indicated by the labels. The carbons of DPPC molecules are shown in green, nitrogen atoms in
dark blue, and the carbons of minority components by other colours (aguamarine — 60L3, blue — 60L5, pink — CHOL, magenta — LA35, orange — LA55).
(b) Visualisation of undulations in a DPPC bilayer containing 22% of 60L3 obtained by MD simulations carried out on a 4 times larger membrane (512
molecules). Two orthogonal slices taken from the same membrane are shown.
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variations were observed in the angle of the acyl chains. The
60L3 composition was also simulated in a 4 times larger bilayer
(512 molecules) and the final conformations are shown in
Fig. 9b. The high degree of order was preserved but the entire
bilayer was noticeably undulated, indicating its elasticity and
fluidity. This effect is important, as bilayer fluidity combined
with a high degree of order would be essential for a proper
biological function of the anammox organelle. The presence of
a liquid state in combination with high membrane ordering
and undulation at temperatures below the main phase transi-
tion is a feature known for bilayers containing cholesterol.'®°
It was interesting to find that a membrane containing a
ladderane alcohol behaves in the same way.

Quantitative descriptors of the membrane structure (area
per lipid and membrane thickness) are summarised in Fig. 10.
These quantities underline the qualitative observation of the
membrane structure. The APL values were notably lower for
bilayers containing ladderane alcohols, indicating a high
degree of order in these membranes. In fact, the APL values
in membranes containing ladderane alcohols (60L3 and 60L5)
were even lower than in pure DPPC, indicating a densification
effect of these molecules that was similar or stronger than that
of cholesterol (Fig. 10a). In contrast, both ladderane lipids
(LA55 and LA35) increased the area per lipid of DPPC. This
suggests that ladderane phospholipid components have a dis-
ruptive effect on otherwise well-ordered DPPC bilayers, whereas
ladderane alcohols act in the opposite manner. In anammox
bacteria, ladderane alcohols might contribute to the condensing
effect, enhancing bilayer ordering while maintaining fluidity - a
similar role played by cholesterol in the cell membranes of
eukaryotes.®>®!

All bilayers containing alcohols had a slightly higher thickness
than those containing ladderane lipids or pure DPPC (Fig. 10b).
This difference arose from the more ordered and stretched acyl

7
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Average APL from box dimensions
@  Average APL of DPPC molecules
pure DPPC bilayer reference
APL Range (avg. max — avg. min) for DPPC molecules

—
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Fig. 10
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chains, with the stretching supported by the admixed alcohol
molecule chains. Among alcohols, the thickness of 60L5 and
cholesterol bilayers was relatively uniform, while the 60L3 bilayer
exhibited noticeable thickness variability within a single bilayer
conformation as indicated by the large spread between the
minima and maxima (Fig. 10b). This appears to be a feature of
the [3]-motif, as ladderanes containing the [5]-motif (both alcohols
and lipids) did not exhibit such thickness variation.

A quantitative insight into the contrasting effect that ladder-
ane lipids and alcohols have on the bilayer structure can be
gained from the density plots, shown in Fig. 11. The presence of
ladderane lipids (LA35 and LA55) resulted in a decrease in the
density of DPPC across the membrane and a reduction of the
sharp local density maxima that were originally present in pure
DPPC (Fig. 11a). The density pattern of the LA35 and LA55
molecules appeared to have a diffuse character, spanning the
entire width of the membrane. In contrast, ladderane alcohols
(60L3 and 60L5) as well as cholesterol did not alter the DPPC
density profile (Fig. 11b). Instead, these molecules appeared to
fill local voids (appearing as local density minima) originally
present in the pure DPPC membrane, which resulted in the
densification of the entire membrane. Compared to the ladderane
lipids, ladderane alcohols and cholesterol appeared to be more
localised in the membrane. The position of hydroxyl oxygens
belonging to the alcohols coincided with the location of DPPC
carbonyl and ester oxygens in the bilayer (Fig. 11b). In this way, the
alcohol molecules enhanced the density of the bilayer in the region
of acyl chains without disrupting the bilayer in the region of the
polar heads, enhancing the overall ordering.

The increased density and order of bilayers containing
alcohols manifested itself by reduced permeability (Table 2).
Compared to the disordering effect observed previously for the
LA35 ladderane lipid (Table 1), the permeability of bilayers
containing ladderane alcohols was equal to or even lower than

5.5 $
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E 454 ]
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§40- % é §
ﬁ3.5- §
3.0 1 é

60L3 60L5 CHOL LA35 LASS

b) Bilayer name

[ Mean st. deviation
of the thickness
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(a) Area per lipid, and (b) membrane thickness of DPPC membranes containing 22% of ladderanes or cholesterol as indicated. 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.
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Fig. 11 Density profiles of bilayers containing 22% of ladderane lipids (a) or alcohols (b). The density profiles are plotted for the entire bilayer, individual
molecular components of the bilayer, and selected constituent atoms as indicated in the legends.

that of pure DPPC (which is rigid and gelled at 10 °C). The
lowest permeability was found for the 60L5 bilayer, which,

Table 2 Calculated permeability (log Pem) and equilibrium bilayer/water
partitioning coefficients (log K) of hydrazine and 5-fluorouracil at 10 °C in
DPPC bilayers containing 22% of ladderane alcohols or cholesterol as
indicated. For comparison, values for pure DPPC and a membrane con-
taining 22% of ladderane lipid LA35 are reproduced from Table 1

Hydrazine 5-Fluorouracil

10g Perry logk log Perm logK

(ems™) (mol mol™") (cms™) (mol mol )
60L5 —4.78 £ 0.10 —1.18 £0.16 —7.51 £ 0.08 0.55 £ 0.02
60L3 —4.60 £ 0.10 —1.07 £ 0.10 —7.19 £ 0.11 0.26 £ 0.08
CHOL —4.64 £ 0.10 —1.41 £ 0.05 —7.36 & 0.13 0.23 £ 0.04
LA35 —4.32 £ 0.06 —1.21 £ 0.03 —6.23 = 0.02 0.35 £ 0.03
100% DPPC —4.65 £ 0.05 —1.33 = 0.04 —7.18 £ 0.08 0.41 £ 0.05

This journal is © the Owner Societies 2026

however, did not fluidise the bilayer like cholesterol or the
60L3 molecules.

4. Biological implications

From the results presented above, it appears that the role of
ladderane structures in anammox bacteria strongly depends on
whether the cyclobutene motifs are present in lipids or alcohols.
The main difference in membrane properties attributable to the
presence of ladderanes is related to membrane density and
fluidity. Maintaining membrane fluidity without sacrificing
membrane density even at low temperatures is crucial for high-
curvature membrane structures present in some organelles,
including anammoxosomes. It has been proposed in the litera-
ture that high curvature is a crucial feature for the attachment of
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membrane-bound enzymes, which in turn are crucial for specific
metabolic pathways such as hydrazine chemistry.®> Moreover, we
hypothesise that the unusual features and local minima of the
density profile seen in ladderane-containing membranes could
play an additional role in supporting specific enzyme function-
ality by providing a site for hosting substrates on which the
enzymes act. Finally, the similarity of membrane features caused
by the presence of ladderane alcohols to those caused by choles-
terol lets us hypothesise that evolutionarily distant organisms,
such as anammox bacteria and eukaryotes, including higher
mammals, have found alternative molecular motifs — along with
cholesterol-like bacteriohopanoids - to resolve the same func-
tional objective, namely modifying membrane fluidity and den-
sity under specific environmental conditions.

5. Conclusions

The effect of ladderane motifs on the structure and properties
of phospholipid bilayers has been investigated using MD
simulations. Four different ladderanes - two lipids and two
alcohols containing either [3]- or the [5]-motifs — were investi-
gated. At present, in silico experiments through MD simulations
provide an interesting alternative to physical experiments, as
the isolation and purification of ladderane alcohols and lipids
separately from natural sources are challenging. Experimental
analysis of anammox bacteria homogenates generally provides
only information about the overall ladderane content, which
makes it difficult to test hypotheses about the possible role of
individual structures. Our simulations revealed that the addi-
tion of the LA35 ladderane lipid had a disruptive effect on both
DPPC and IPPC lipid bilayers, reducing molecular order,
increasing the area per lipid and reducing local maxima of
membrane density. The membrane disruption caused by the
addition of the LA35 lipid increased the membrane perme-
ability for hydrazine, which is a crucial metabolite in anammox
bacteria. On the other hand, ladderane alcohols (both 60L5
and 60L3) had a densifying effect on DPPC phospholipid
bilayers, promoting a highly ordered structure, reducing the
area per lipid and increasing the membrane density. Simulta-
neously, the incorporation of ladderane alcohols supported
membrane elasticity without adversely affecting the permeabil-
ity of hydrazine, which might be crucial for the proper biolo-
gical function of organelles in anammox bacteria.
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