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This communication reports the first example of spontaneous lipid
bilayer formation in unbiased all-atom molecular dynamics (MD)
simulations. Using two different lipid force fields we show simulations
started from random mixtures of lipids and water in which four different
types of phospholipids self-assemble into organized bilayers in under
1 microsecond.

The study of lipid membranes and protein-membrane interactions
with MD simulations is important for several reasons. Membranes
and their protein constituents are almost omnipresent in the body
and have many essential biological roles, yet their inherent fluidity
often complicates experimental studies. This is probably best
reflected by the low number of resolved membrane bound protein
structures when compared to the total number of experimentally
determined protein structures. Considering that membrane proteins
constitute the largest group of present-day drug targets, protein—
membrane simulation studies are also highly relevant from a
drug development perspective. The development of high-fidelity
force fields for the simulation of lipid membranes is thus a topic
of broad interest.

Phospholipids placed in an aqueous environment will sponta-
neously aggregate in order to minimize thermodynamically
unfavourable contacts between their long hydrophobic acyl chains
and water or other polar molecules. In that regard, a lamellar
bilayer, the essential structural basis of biological membranes,
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is often the most energetically favourable molecular arrangement
and the configuration adopted by phospholipids under physiological
conditions.

Molecular dynamics (MD) simulations have previously shown
self-assembly of phospholipids randomly distributed in water into
bilayer'™ and vesicle®” structures, as well as lipid bilayer formation
around proteins,®® peptides™® and DNA.'® However, all the lipids in
these simulations - and in some cases other molecules as well - were
modelled using either united atom'™° or coarse-grained force
fields.> ™ In united atom models the aliphatic hydrogens are
implicitly represented and considered part of a bigger unit that also
contains the carbon atom to which they are bonded. The molecular
resolution in coarse-grained representations is even lower. Typically
5 or more atoms are grouped together into a single interaction
particle, the principal idea being to provide an approximation that
reduces the degrees of freedom and so maximizes simulation speed
and provides access to longer timescales.

The self-assembly simulations in the present work employ
all-atom representations using the recently published AMBER
Lipid14 force field'" as well as the CHARMMS36 force field for
lipids (C36)."* Lipidi4 is the first modular lipid force field, and is
compatible with the other AMBER parameter sets for proteins,
nucleic acids, carbohydrates and small molecules. The modular
parameterization strategy allows for any combination of different
phospholipid head groups and tails to create custom lipid mole-
cules. At the time of writing there are parameters developed for
phosphatidylcholine (PC) and phosphatidylethanolamine (PE) head
groups and lauroyl (LA), myristoyl (MY), palmitoyl (PA) and oleoyl
(OL) tails. This provides for 32 possible lipid types.

For this initial work four phospholipid types were chosen for
self-assembly simulations, all of them commonly found in
biological membranes; dipalmitoyl-phosphatidylcholine (DPPC),
palmitoyl-oleoyl-phosphatidylcholine (POPC), dioleoyl-phosphatidyl-
choline (DOPC) and palmitoyl-oleoyl-phosphatidylethanolamine
(POPE). This set includes two different head groups (PC and PE)
as well as tails with varying degrees of unsaturation (a total of 0,
1 or 2 aliphatic double bonds). Additionally the experimental data
available for these four phospholipids are the most comprehensive.

This journal is © The Royal Society of Chemistry 2015
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Fig. 1 General mechanism of the all-atom bilayer self-assembly. Representative snapshots from one of the DOPC simulations illustrate four
characteristic stages in the self-assembly process (see main text for details). The phospholipids are represented as stick models, with the head group
phosphorus atoms highlighted as orange spheres. For clarity, water, ions and hydrogens are not shown. Note that each snapshot not only includes the

primary simulation box, but also portions of surrounding periodic images.

All simulations were run using the GPU accelerated version of
AMBER 14,"*7° with the SPFP precision model."” Simulation details
are given in the methods section of the ESI,{ and specifics for each
of the four simulation systems, such as number of lipids, water to
lipid ratio, simulation length and ion concentration, can be found in
Table S1 (ESIt). Three repeats (1 ps each) were run for each lipid type
using both parameter sets, amounting to 24 ps of aggregate
simulation time.

In all of the simulations, the lipids self-assembled into bilayers
via the same general pathway (see also Videos S1-S4, ESIT), the
stages of which resemble intermediate states reported in self-
assembly studies utilizing united atom models."** Fig. 1 provides
representative snapshots from one of the simulations illustrating
these individual stages, which are described below. The starting
structures for the self-assembly simulations consisted of lipids
randomly distributed in aqueous surroundings (snapshot 1). Initially
the non-polar aliphatic lipid tails quickly congregate to escape the
polar aqueous environment. Within 80 ns, a main aggregate of lipids

forms with the lipid tails oriented towards the centre, reminiscent of
the cross-section of a micelle (snapshot 2). Some of the lipids
though, referred to as “lipid bridges” by de Vries et al,' reside
between and connect the lipid assembly and its periodic images. As
the simulations progress, the lipid bridges along one dimension
incorporate into the lipid assembly, which transforms into a lamellar
bilayer-like configuration penetrated by a water pore lined with
several lipid head groups (snapshot 3). Once the lipid head groups
leave the non-polar region of the bilayer-like structure and water is
excluded from the hydrophobic interior, a fully assembled bilayer is
formed (snapshot 4). In some of the simulations the pore disappears
before all the bridge lipids are incorporated into the bilayer
structure, and for the fastest self-assemblies the different stages
can overlap and be difficult to distinguish. All the bilayer
formation times are listed in Table 1. These vary greatly, even
in repeat simulations on the same phospholipid system, as has
also been the case in other self-assembly studies.>™ Considering
the Lipid14 results in isolation, POPE is an exception in this

Table 1 Characteristics of the self-assembled Lipid14 and C36 bilayers and comparison with experiment

Number of
Bilayer formation lipids per .
time (ns) leaflet Area per lipid® (A?)

Isothermal compressibility Lateral diffusion
modulus K,* (mN m™?)  coefficient’ (10~% em? s71)

Lipid Sim. no.” Lipid14 C36 Lipid14 C36 Lipid14 C36

DOPC 1 150 135 66/62  61/67 69.3 = 1.2 67.8 = 1.2
2 285 145 62/66  67/61 69.2 £ 1.1 67.8 = 1.1
3 720 160 63/65 65/63 69.0 £ 1.2 67.6 £ 1.1
POPC 1 375 160 64/64  66/62 65.5 £ 1.2 63.8 £ 1.2
2 535 325 63/65 66/62 65.7 = 1.3 63.7 = 1.2
3 755 425 68/60  62/66 65.6 = 1.3 63.8 = 1.1
POPE 1 70 95 62/66 61/67 56.0 £ 1.1 56.9 + 1.1
2 100 115 63/65 62/66 56.3 £ 1.1 56.5 £+ 1.1
3 125 205 71/57  67/61 57.2 £ 1.3 56.9 £ 1.1
DPPC 1 230 35 65/63  66/62 62.2 + 1.4 57.1 &+ 2.6
2 350 85 64/64  64/64 62.3 £ 1.3 53.7 £ 2.7
3 440 325 60/68  62/66 62.3 = 1.4 55.4 & 2.0

Exp. Lipid14 C36 Exp. Lipid14 C36 Exp.
67.4,2 72.5*%  315.4  331.6 265" 9.88 8.58 11.5,* 17%
351.9 356.4 300,>° 318" 7.89 6.67
288.7 348.3 7.63  8.10
64.3,* 68.3%° 308.5 275.9 180-330"®  7.12  6.08 10.7*
259.7  289.0 7.44  8.77
245.6  320.5 6.97 8.65
56.6,2° 59-60°° 321.2  308.4 233%*° 3.94 6.52 5.22%
314.1  304.3 6.14 5.08
240.3  305.8 6.75 6.37
63.1,2* 64.3%° 212.2 57.3 231%8 9.74  0.65 12.5,*% 15.23%
252.0  52.2 9.53  0.65
218.2  98.1 10.48  0.80

“ Simulation number; both the Lipid14 and C36 repeats for each lipid type have been sorted in ascending order based on bilayer formation time.
b Calculated from the interval from 50 ns after bilayer was fully formed until 1 ps of total simulation time. Due to an initial bilayer equilibration
phase, the properties were calculated from the last 400 ns for the last Lipid14 DPPC repeat listed. ¢ Calculated from the last 100 ns of each self-
assembly simulation. ¢ Cell culture membrane containing 78% POPE at 305 K.
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respect and our simulations suggest that the POPE lipids self-
assemble faster than their phosphatidylcholine counterpart and
faster than DOPC and DPPC with Lipid14. This may in part be
related to the nature of the head groups. Compared to PC, the PE
head group is smaller and less bulky, with hydrogens substituted
on the terminal amine nitrogen instead of methyl groups.
Another trend in Table 1 is that the C36 PC lipids seem to self-
assemble faster than their Lipid14 equivalents, whereas the
POPE bilayer formation times are quite similar when comparing
the two force fields. The head group charges might provide part of
the explanation. There are notable charge differences in PC between
Lipid14 and C36 (Fig. S1, ESIt), especially in the choline portion, and
the individual C36 point charges are often greater than the corres-
ponding Lipid14 charges. Conversely, the differences are less
pronounced in the PE head group (Fig. S2, ESIt). Also, the charge
deviations between Lipid14 and C36 in the phosphate group (and
glycerol region) are approximately the same for PE as for PC.

When the self-assembled bilayers had relaxed and equilibrated,
the simulations were extended for several hundred additional
nanoseconds, throughout which all the bilayer structures, apart
from the C36 DPPC lipid systems, remained stable. The last
portion of each simulation, with a starting point 50 ns after a
bilayer was observed to have formed, was subsequently used for
calculating average structural bilayer properties (for details
regarding the analyses, consult the ESIt). Given in Table 1 are
areas per lipid, isothermal compressibility moduli (K,) and
lateral diffusion coefficients (D) calculated for the self-
assembled Lipid14 and C36 bilayers, along with experimental
data.'®** Additional analysis is provided in the ESL¥ including
volumes per lipid and bilayer (D) and Luzzati (Dg) thicknesses
(Table S2, ESIt). The properties of the self-assembled Lipid14
and C36 (except DPPC) bilayers are in reasonable agreement with
experimental values, indicating that the bilayer structures satis-
factorily reproduce those determined experimentally. On the
other hand, the C36 DPPC bilayer properties deviate significantly
from the experimental data. The reason is that the DPPC lipids,
in all three C36 repeats, eventually adopt a highly ordered
configuration in which the tails from opposite leaflets overlap
completely with each other in parts of the bilayer (Fig. S3, ESIT).

The computed Lipid14 areas per lipid are very close to the
averages reported in the original validation of the Lipid14 force
field,"" as is also the case for the volumes per lipid and
thicknesses. Interestingly the Lipid14 isothermal compressibility
moduli and lateral diffusion coefficients in Table 1 generally
show better agreement with experiment relative to the Lipid14
validation results."* Such bilayer characteristics might affect the
interplay between the phospholipids and other molecules. Our
results suggest that self-assembly may be a more effective
strategy than starting simulations from preformed bilayers in
some cases, particularly when the aim is to introduce proteins or
other interaction partners into the membrane environment.

In most of the simulations, the lipids partitioned asymmetrically
between the two leaflets of the assembled bilayer (Table 1). However,
the average bilayer properties calculated for all four Lipid14 lipid
types compare well with experiment and show close similarity to the
corresponding Lipid14 validation results obtained from simulations
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of symmetric bilayers, indicating that the observed leaflet
asymmetries are well tolerated. Varying degrees of asymmetry have
also been reported for spontaneously aggregated united atom
bilayers," and to similar extents as observed here in self-assembly
simulations of united atom 1:1 DOPC/DOPE mixtures."

To summarize, beginning from random configurations, the four
phospholipid types simulated aggregate into stable bilayers showing
reasonable structural properties during the course of the simula-
tions. It is our belief that this is the first time bilayer self-assembly
has been demonstrated with all-atom MD simulations. In addition,
bilayer formation occurred more rapidly than might have been
expected from the timescales observed in united atom and coarse-
grained studies demonstrating that lipid self-assembly with all atoms
explicitly treated is more feasible than previously envisioned.

As well as serving as further validation of the AMBER
Lipid14 force field, these simulations pave the way for several
applications of biochemical interest. In contrast to ‘“manual”
insertion of proteins into premade bilayers prior to simulation,
self-assembly of united atom or coarse-grained phospholipids
around peptides and proteins has been performed as an
unbiased approach to obtain protein-membrane complexes
and for predicting the position of proteins or peptides in
bilayers.>®® Nevertheless, full atomic resolution might be
required for accurately modelling the interactions between
the membrane proteins and the surrounding self-assembled
lipid environment. Lipid14 offers the possibility for simulation
of lipids together with other types of all-atom molecules,
including peptides and proteins, and our self-assembly simula-
tions indicate that these applications should be feasible at the
all-atom level of detail. A more comprehensive study of self-
assembly using several all-atom force fields, a broader selection
of lipid types as well as mixtures of proteins with lipids will
form the basis of future work. It is also worth mentioning that
the formation of a small vesicle-like structure composed of
phospholipids has already been demonstrated in a united atom
simulation.® In light of the current results, it is not unreason-
able to expect that similar complex lipid structure self-assembly
might be possible with the latest generation all-atom models.
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