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In vitro reconstitutions of lipid membranes have proven to be an indispensable tool to rationalize their
molecular complexity and to understand their role in countless cellular processes. However, amongst
the various techniques used to reconstitute lipid bilayers in vitro, several approaches are not solvent-
free, but rather contain residual hydrophobic solvents in between the two bilayer leaflets, generally as a
consequence of the procedure used to generate the bilayer. To what extent the presence of these
hydrophobic solvents modifies bilayer properties with respect to native, solvent-free, conditions remains
an open question that has important implications for the appropriate interpretation of numerous
experimental observations. Here, we thorouhgly characterize hydrophobic solvent-rich lipid bilayers
using atomistic molecular dynamics simulations. Our data indicate that while the presence of
hydrophobic solvents at high concentrations, such as hexadecane, has a significant effect on membrane
thickness, their effects on surface properties, membrane order and lateral stress are quite moderate. Our
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Introduction

Lipid membranes play an active role in the spatial and temporal
modulation of biochemical processes in the cell, in large part
thanks to their huge diversity in terms of lipid composition.'™
Because of this complexity, cellular membranes can significantly
vary in both their equilibrium properties as well as in their
response to external stimuli such as bending, tension or inter-
action with proteins.'

To understand the basic structural and material properties
of lipid membranes, in vitro approaches have shown to be an
invaluable tool in the last few decades.”” These approaches
have been largely enabled by the relative ease in reconstituting
lipid bilayers in aqueous medium, as a consequence of their
intrinsic self-assembly properties as natural surfactants.

Amongst the various approaches used to reconstitute lipid
bilayers in vitro, several of them are not solvent-free, but rather
contain residual hydrophobic solvents in between the two
bilayer leaflets, generally as a consequence of the procedure
used to generate the bilayer.° ™ Amongst those, Black Lipid
Membranes (BLMs),” Droplet Interface Bilayers (DIBs),'® and
Large-Area Model Biomembranes (LAMBs)'" are some of the
most widely used.
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While these techniques have advantages in terms of overall
bilayer stability, for example decreasing water permeation and
allowing to stabilize very large bilayers for very long times,"* the
presence of residual hydrophobic solvents in the middle of the
bilayer could potentially alter membrane properties and generate
deviations from native-like conditions. One distinct advantage of
solvent-rich lipid bilayers, however, is the relative straightforward-
ness in measuring their membrane capacitance,>'*'* and hence
their electrical properties.

Recently, we implemented a protocol to directly determine
membrane capacitance from in silico investigations of lipid
bilayers by means of molecular dynamics (MD) simulations.**
Using this approach, and based on calibration curves, we could
infer the correct amount of two hydrophobic solvents that are
widely used in the formation of lipid bilayers, squalene and
hexadecane, by comparing the predicted data with those from
experiments. We found that squalene is generally present
in reconstituted bilayers at concentrations between 5 and
10 mol%, while hexadecane is much more abundant, with
concentrations around 35 mol%."*

These results naturally raise doubts about whether these
reconstitutions could be considered as good model systems for
biological-like lipid bilayers, that are devoid of hydrophobic
oils in physiological conditions,"”'® and to what extent the
presence of these solvents affects bilayer properties that have
been shown to be important to rationalize biological processes
such as protein-membrane interactions.
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To investigate this issue, here we use atomistic MD simula-
tions, the method of choice to investigate structural and
dynamical properties of lipid assemblies with atomistic
resolution.”! With this methodology, we thoroughly analyze
bilayer properties in solvent-rich lipid bilayers, and we compare
it to solvent-free bilayers.

We found that while the presence of high amounts of oils,
such as hexadecane, has a significant effect on membrane
thickness, its effect on surface properties, membrane order
and lateral stress is quite moderate. Our results corroborate the
validity of such in vitro approaches as model systems for the
investigations of biological membranes but raise a few cau-
tionary aspects that must be considered when investigating
specific membrane properties.

Materials and methods
Molecular dynamics simulations

Atomistic MD simulations of 100 mol% 1,2-dioleoyl-sn-glycero-
3-phosphocholine (DOPC), DOPC/Squalene (90:10 mol%) and
DOPC/Hexadecane (68:32 mol%) were carried out using the
software GROMACS>* as previously described in.'* In short, a
DOPC bilayer containing 128 lipids was generated using the
CHARMM-GUI membrane builder.>® Addition of hexadecane or
squalene in the middle of the bilayer was achieved by displa-
cing the two DOPC monolayers along the z-axis and by sub-
sequent random insertion of the oil molecules, exclusively in a
position parallel to the membrane, between the two mono-
layers. The systems were equilibrated for 375 ps while slowly
removing constraints using the Membrane Builder six-step
process.>* For all systems, the CHARMM36m force field*> was
used to describe lipids while the TIP3P*® model was employed
for water. Long-range electrostatic interactions were taken into
account by means of the particle mesh Ewald (PME)*’ algo-
rithm with a Fourier grid space of 0.12 nm and a real space
cutoff of 1.2 nm. The van der Waals interactions were truncated
using the same cutoff value, and a standard smoothing func-
tion for the tail region (1.0-1.2 nm) was employed. The bonds
involving hydrogen atoms were constrained using the LINCS*®
and SETTLE?® algorithms, thus allowing to use of an integra-
tion time step of 2 fs. The temperature (298.15 K) and pressure
(1 atm) were controlled by coupling the systems to a Nosé-
Hoover chain thermostat®® with a time constant of 1 ps * and a
Parrinello-Rahman barostat®® with a coupling constant of
5 ps*, respectively.

All systems (containing 128 DOPC lipids and about 77000
water molecules, plus 15 squalene or 60 hexadecane molecules)
were run for at least 450 ns to collect statistics. Analyses were
carried out excluding the first 50 ns, unless otherwise explicitly
stated, and data points for analyses were collected every 10 ps. A
representative snapshot of the molecular systems used in this
study, together with the chemical structure of the molecules
investigated, is shown in Fig. 1. All images were rendered using
VMD?*? and all plots were created using python scripts.
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Fig. 1 Chemical systems investigated in this study. (A) Chemical struc-
tures of DOPC, hexadecane and squalene molecules. In the figures,
hexadecane is referred as “hexd”, squalene as “sgl”. (B) Representative
shapshot of a solvent-rich lipid bilayer investigated in this study. Color
legend: DOPC headgroups (gray), DOPC tails (yellow), oil molecules (red)
and water molecules (cyan). The same color code is used in all the figures.

Bilayer analyses

Area per lipid. Area per lipid was computed by dividing the
total area of the bilayer in the xy plane by the number of lipids
in one leaflet.

Lateral density profiles. Lateral density profiles were calcu-
lated using the GROMACS tool ‘“‘gmx density”’. Density profiles
were calculated along the z axis, dividing the systems in 250
slices (around 0.04 nm per slice).

Lateral lipid diffusion. Phospholipid (PL) and oil diffusion
was computed by linear regression of the mean squared dis-
placement of selected atoms (phosphorus atom (P) for DOPC
and the central carbons (C8 for HEXD and C15 for SQL) for the
oils). Fitting was computed after removal of the first and last
10% of the trajectory.

Oil molecular orientation. The orientation of hexadecane
and squalene in the bilayer was calculated, for each oil mole-
cule at every configuration along the trajectory, as the acute
angle between the bilayer normal and the line passing through
its first and last carbon atoms. The corresponding probability
density distributions were computed using the kernel density
estimation (KDE) method.

This journal is © The Royal Society of Chemistry 2021
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Lateral pressure profiles. Lateral Pressure Profiles (LPP) were
calculated using the formula

n(z) = Pi(z) — Py

where Pi(z) is the lateral component of the pressure tensor
(Pr(z) = 1/2(P(2) + Py(2))) and Py is the normal component
(PN = Pzz)'

For the calculation of LPPs, the program GROMACS-LS, with
a grid of 0.1 nm along the z direction and a cut-off of 2.2 nm for
electrostatics, was used®® (https://www.mdstress.org). For pure
DOPC, the LPP was calculated over the last 200 ns of produc-
tion, while, for the systems containing oils, configurations
extracted from the last 300 ns of production were used for
LPP calculations. The raw data have been processed through a
Gaussian filter with standard deviation 1.0 using the utility
“tensortools” of the GROMACS_LS program.

Order parameters. Order parameters were calculated using

the formula
3, 1
‘<§ cos” 0 — §>‘

where 0 is the average angle between the C-H vector and the
bilayer normal. The calculation was performed using a tcl script
(https://user.eng.umd.edu/ ~ jbklauda/wiki/doku.php?id=scd).

Lipid-packing defects. Lipid-packing defects were calculated
using a modified version of PackMem,**?> as previously
described,*® that takes into account the presence of oil mole-
cules in membranes. The cartesian algorithm used by the
program maps the membrane surface to a grid parallel to the
bilayer and assigns values to each grid depending on the type of
the first atom encountered (aliphatic vs. polar). Lipid packing
defects are defined as regions where lipids are loosely packed
and therefore aliphatic atoms are exposed to the surface. For
the definition of the central atom (or “glycerol atom”, as
named in the manual) of the oil molecules, the central carbon
was used (C8 for hexadecane and C15 for squalene).

Results and discussion

Hydrophobic solvents increase bilayer thickness and deplete
phospholipids from the centre of the bilayer

The most direct effect of the presence of residual solvents in the
bilayer is an effective increase in its thickness."* This is
expected, as the membrane capacitance, that is inversely pro-
portional to the membrane thickness,”” can be significantly
lower than that of solvent free lipid bilayers when the mem-
branes are prepared with hydrophobic oils.*® In detail, the
distance between the phosphate groups of the two monolayers
increases by approximately 5% (from 3.89 to 4.07 nm) in the
presence of squalene and by 13% (from 3.89 to 4.38 nm) in the
presence of hexadecane.'* To put this difference into some
biological context, in the case of hexadecane this corresponds
to roughly one entire o-helical turn (3.6 residues, 0.54 nm), a
very common secondary structure conformation of transmem-
brane (TM) proteins. Interestingly, this difference is within the
range of the observed difference between Golgi and Plasma

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 Density profiles of DOPC bilayers with and without hydrophobic
solvents. (A) Lateral density profile of all non-water molecules for pure
DOPC (black), DOPC/sql (blue) and DOPC/hexd (red) systems. (B) Indivi-
dual lateral density profiles of DOPC lipids and hydrophobic solvents
(squalene, hexadecane) in the three systems.

Membrane proteins for vertebrates®® or in the range of what is
sufficient to alter the localization of synthetic TM peptides in
the yeast ER.*°

To further investigate the localization of hydrophobic sol-
vents in the bilayer, we first compared the lateral density
profiles of all non-water molecules in the bilayers. This corre-
sponds to only DOPC molecules in the pure PL system and of
DOPC + oil in the PLs + squalene and PLs + hexadecane systems
(Fig. 2A). Interestingly, in the presence of squalene, the overall
bilayer density profile (Fig. 2A) is quite similar to that of 100%
DOPC. On the other hand, the presence of hexadecane signifi-
cantly affects the density profile at almost all depths, with the
sole exception of the middle of the bilayer (Fig. 2A).

Next, we computed the lateral density profiles of DOPC
lipids and of the two oils (squalene, hexadecane) separately
(Fig. 2B). This analysis indicates that, as expected, the two oils
occupy predominantly the middle of the bilayer, i.e. the space
in between the PL acyl chains (Fig. 2B). Interestingly, both
squalene and hexadecane display broad tails that extend up to
almost 2 nm from the centre of the bilayer (Fig. 2B).

To further characterize the molecular behaviour of oil
molecules in the bilayer, we next computed their lateral diffu-
sion and their molecular orientation. Interestingly, the
presence of both squalene and hexadecane doesn’t alter the
2D diffusion of PLs in the bilayer, with DOPC diffusion coeffi-
cient being of 5.9 4+ 1.6 um?® s~ in pure DOPC bilayers and of
6.2 + 1.8 um”? s~ ' and 5.9 &+ 4.7 um® s~ ' in the presence of
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squalene and hexadecane, respectively. On the other hand, oil
molecules diffuse much faster than PLs, with squalene and
hexadecane having diffusion coefficients of 17.6 + 12.1 um*s ™"
and 114.1 + 24.3 um? s~ ', respectively. Of note, these results
are consistent with the recent experimental observation that oil
molecules diffuse faster than PLs in reconstituted solvent-rich
lipid bilayers.** On the other hand, our results seem in contrast
with those recently obtained by Roke and coworkers in recon-
stituted lipid bilayers, who reported diffusion constants of
squalene and hexadecane comparable to those of PLs.*> How-
ever, their measurements were made on large oil droplets that
can be imaged with white-light microscopy, rather than on
individual molecules as in our case. As the diffusion coefficient
is generally inversely proportional to molecular size (e.g. in
Stokes-Einstein equation), our observation that individual oil
molecules diffuse much faster than individual PLs is hence in
agreement with the experimental measurement of Roke and
coworkers.*?

As we observed that hexadecane molecules do not occupy
exclusively the space between monolayers, but can also extend
between the lipid acyl chains (Fig. 2B), we next characterized
the molecular orientation of oil molecules, to quantify to what
extent they interdigitate with DOPC acyl chains as previously
suggested.*> To do so, we computed the orientation of the oil
molecules with respect to the membrane normal (Fig. 3). Of
note, while for both hexadecane and squalene the majority of
the oil molecules lies between the two bilayer leaflets in a
conformation that is perpendicular to the membrane normal
(maximum at around 90 degrees in Fig. 3), hexadecane has a
larger tendency to orient itself parallel to membrane normal
(angles between 0 and 30 degrees) and to interdigitate with the
acyl chains of the PLs.

Taken together, these data further suggest that, while squa-
lene molecules are likely to only partially alter the property of
the PL acyl chains close to the end of their tail, where they are
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Fig. 3 Molecular orientation of in-bilayer hydrophobic solvents. Angle

between oil molecules and bilayer normal for squalene (blue) and hex-
adecane (red).
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located, hexadecane molecules are likely to impact bilayer
properties closer to its interface with water, as observed from
the significant difference in the overall density distribution
(Fig. 2B) and molecular orientation (Fig. 3).

Hydrophobic solvents alter internal bilayer stress

To better characterize the effect of hydrophobic solvents on
bilayer properties, we next computed the lateral pressure
profiles (LPPs) for the three systems. In short, the LPP describes
the distribution of lateral stresses across a bilayer that arise
from the interactions between the lipid molecules, and it
provides a direct connection between molecular (e.g. lipid-lipid
interactions) and large-scale (e.g. surface tension, bending
rigidity) properties of PL bilayers.

As expected from the lateral density profiles in Fig. 2, the
largest effect of the presence of oils in the LPPs was found in
the middle of the bilayer, with the presence of hexadecane and
squalene leading to a mild repulsion (positive values of the
LPP) between molecules. Interestingly, this repulsion is larger
for squalene (Fig. 4), despite its lower density there in compar-
ison with hexadecane (Fig. 2B).

Since the integral of the LPP corresponds to the membrane
tension, this difference in pressure in the middle of the bilayer
needs to be compensated elsewhere, in order to keep the
bilayers tensionless, as it is the case in our simulations. In
the case of squalene, this compensation takes place in the
internal part of the bilayer, most notably by a decrease of the
positive peaks at 0.7 nm from the center of the bilayer, while
the part of the bilayer closer to the surface (i.e. the negative
peak at the level of the glycerol atom and the positive peak at
the level of the polar heads) remains mostly unchanged. On the
other hand, the effect of hexadecane on lateral stresses extends
further away from the center of the bilayer, with an appreciable
difference in the attraction between the lipids in the glycerol
region (negative peaks around +1.7 nm), consistent with the
observation from the lateral density profiles (Fig. 2) that the
effects of hexadecane extend closer to the bilayer surface.

—— DOPC
—— DOPC + sql
—— DOPC + hexd

-4 -2 0 2 4
z (nm)

Fig. 4 Lateral pressure profiles for DOPC bilayers with and without
hydrophobic solvents. Pure DOPC (black), DOPC/sql (blue) and DOPC/
hexd (red).
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Hexadecane molecules increase membrane order close to the
middle of the bilayer

We next investigated conformational properties of lipid bilayers
in the presence of hydrophobic solvents. As can be appreciated
in Fig. 2B, the presence of the oils displaces the PL acyl chains,
that become depleted in the middle of the bilayer. This has
potential implications for structural and dynamical properties
of the acyl chains. To quantify those, we next computed the acyl
chain order parameters for the sn-1 and sn-2 chains of the
DOPC molecules in the presence or absence of the residual
solvents (Fig. 5). Order parameters provide information regard-
ing both the overall order of the membrane and specific details
of the conformations that the atoms within the lipid tails
adopt. In detail, they describe the orientation of the C-H bond
vector with respect to the bilayer normal (typically the z axis in a
membrane simulation) averaged over all the lipids and the
sampling time.

As can be appreciated in Fig. 5, the presence of squalene has
very minor effects on the order parameters of both the sn-1 and
sn-2 chains. This is not the case for hexadecane, as its presence
non-negligibly increases the order of both sn-1 and sn-2 chains
starting from position 9, i.e. the site of the C=C double bond.
This observation agrees with our previous analysis showing that
hexadecane interdigitates with the acyl chains of the PLs

i sn-1
0.3 7
— DOPC
—— DOPC + sql
0.2 - —— DOPC + hexd
§
0
0.1 A
00 T T T T T T T T T
2 4 6 8 10 12 14 16 1
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S
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Fig. 5 Order parameters for DOPC bilayers with and without hydropho-
bic solvents. (A) Order parameter for sn-1 chain, (B) Order parameter for
sn-2 chain. Pure DOPC (black), DOPC/sql(blue) and DOPC/hexd (red).

This journal is © The Royal Society of Chemistry 2021

View Article Online

Paper

(Fig. 3). Interestingly, however, despite the global differences
in lateral density (Fig. 2A) and pressure (Fig. 4) up to the
membrane surface in the presence of hexadecane, the order
of the chains from position 9 up to the membrane surface
doesn’t appear to be affected.

Hydrophobic solvents increase solvent-accessible hydrophobic
surface area

Finally, we focused on the quantitative investigation of two
membrane surface properties, area per lipid and lipid-
packing defects, as both lateral density and pressure profiles
seem to indicate that the perturbations promoted by the
presence of hydrophobic solvents are mostly located in the
bilayer interior.

To do so, we first computed the area per lipid in the three
simulations. Remarkably, despite the presence of 10 mol%
squalene and 32 mol% hexadecane, the area per lipid in the
presence of hydrophobic solvents increased only from
0.67 (#0.01) nm? for pure DOPC to 0.69 (£0.01) nm?> for
squalene-rich and to 0.71(+0.01) nm® for hexadecane-rich
bilayers.

We next computed membrane-packing defects, ie. the
amount of hydrophobic surface area that is solvent-
accessible, based on a cartesian algorithm developed in the
software Pack-Mem.**** Of note, this property has been
found to quantitatively correlate with membrane targeting
by peripheral proteins*®**~** and we thus use it as a proxy to
evaluate whether the presence of hydrophobic solvents in
reconstituted bilayers would alter the propensity of peri-
pheral proteins to bind to them.

Remarkably, we found that the presence of squalene and
hexadecane has only a very minor effect on deep (extending at
least 0.1 nm below the average height of the glycerol groups of
the PL) packing defects (Fig. 6A). Considering that solvent
molecules display a non-negligible density up to 2 nm from
the middle of the bilayer (Fig. 2B), the slight decrease in deep
packing defects observed in Fig. 6A is likely due to interdigita-
tion between the oils and the PL acyl chains,?® that prevents the
formation of deep packing defects extending below the level of
the glycerol atoms.

On the other hand, the presence of hydrophobic solvents
increases shallow (i.e. surface-exposed, Fig. 6B) packing defects.
This effect is more pronounced for hexadecane than squalene,
likely as a consequence of the higher interdigitation between
hexadecane molecules and PL chains, as hexadecane extends
closer to the bilayer surface (Fig. 2B and 3).

Taken together, these data suggest that solvent-rich PL
bilayers are a relatively good model system to investigate the
binding of peripheral proteins to lipid membranes. This is
particularly true for proteins able to sense deep packing
defects, such as those that insert bulk hydrophobic
residues.”® For proteins able to sense shallow defects, such as
those inserting small hydrophobic residues,*® our simulations
suggest that the presence of oil might increase their binding
affinity, in particularly when non-physiological oils, such as
hexadecane, are present at high concentrations.
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Fig. 6 Lipid-packing defects for DOPC bilayers with and without hydro-
phobic solvents. (A) Size probability distribution of deep packing defects
(left) for pure DOPC (black), DOPC/sql (blue) and DOPC/hexd (red) and
corresponding defect size constants (linear fit to the size probability
distribution, right). (B) Size probability distribution of shallow packing
defects (left) for pure DOPC (black), DOPC/sqgl (blue) and DOPC/hexd
(red) and corresponding defect size constants (linear fit to the size
probability distribution, right). The lower limits used for the fitting (defect
area >0.15 nm? and probability >10~%) are defined by dashed lines.

Conclusions

In vitro reconstitutions of lipid bilayers are a powerful techni-
que to investigate the complex role that biological membranes
play in the cell. However, these reconstitutions might deviate
from biological conditions, and a thorough understanding of
their properties is required to infer causality from these inves-
tigations. In particular, several in vitro approaches rely on the
use of hydrophobic solvents in the process of bilayer formation,
and residual solvent molecules are known to remain in the
bilayer.

Here, we took advantage of a recent protocol to estimate
hydrophobic solvent concentration in reconstituted lipid
bilayers' to investigate the structural properties of solvent-
rich bilayers and compare them with solvent-free ones.

In addition to the well-known differences in membrane
thickness, we found that, as expected, the largest effects on
bilayer properties are found in the bilayer interior, where most
of the hydrophobic solvent molecules reside. Interestingly,
however, lipid order and surface properties are only marginally
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affected by the presence of oils, further corroborating the
implicit decade-long assumption that these reconstitutions
are good model systems for the investigation of protein-
membrane interactions.

Interestingly, our observation that hexadecane orients itself
parallel to the lipids’ acyl chains more often than squalene
(Fig. 3) agrees well with decade-old considerations on the
thermodynamic activity of hydrophobic solvents in reconsti-
tuted lipid bilayers.">*” In particular, it appears that hydro-
phobic solvents that match well with the lipids’ acyl chain
structure, such as hexadecane, can reside in bilayers at rela-
tively high concentrations. On the other hand, hydrophobic
molecules that experience a higher entropic penalty in their
interactions with the lipid acyl chains, such as squalene, tend
to be excluded from the bilayer.

Recently, Thiam and coworkers identified that oil molecules
also have non-trivial effects on bilayer mechanics.*® For example,
they found that the presence of oil molecules in the bilayer
increases the critical area strain at which vesicle lysis occur, and
that specific oils might alter bilayer bending rigidity.*®* While our
atomistic simulations are not well-adapted to the investigation of
mechanical properties of solvent-rich lipid bilayers, we foresee
that future coarse-grain MD simulations will help investigate the
molecular origin of such mechanical effects.

For what pertains surface properties, however, we observed
that hexadecane, one of the most common hydrophobic sol-
vents in lipid bilayer reconstitutions, promotes non-negligible
differences with respect to solvent-free bilayers. Most notably,
we found that the presence of hexadecane increases the
amount of surface-exposed hydrophobic patches, potentially
leading to enhanced adsorption of peripheral proteins to the
bilayer surface.

Taken together, our results highlight the power of MD simula-
tions towards the establishment of structure-function relation-
ships in membrane studies and posit for further integration of
in silico and in vitro approaches towards the interpretation of
complex processes happening at biological membranes.
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