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Molecular dynamics (MD) simulations have been used to study aggregates as shown in Figure 1C (5 ns). The lamellar structures
the spontaneous aggregation of a concentrated solution of dipalmi-are in essence curved bilayers. Curvature develops spontaneously
toylphosphatidylcholine (DPPC) molecules in water in atomistic as a consequence of the minimization of edge enkfidye increase
detail. Starting from a random solution of DPPC in water, an in the curvature of the larger lamellar structures leads to the overall
oblong-shaped vesicle with a long axis of 15 nm and short axes of aggregate adopting a vesicle-like shape. This is already visible
10 nm formed spontaneously. within 30 ns (Figure 1D). The gradual optimization of the vesicle

Phospholipid vesicles (liposomes) are studied widely as model is much slower than the initial aggregation. After 90 ns (Figure
systems for biological membrané&lucidating the mechanisms  1E), the overall structure is clearly that of a vesicle. Nevertheless,
by which these bodies form, change shape, fuse, bud, and dissolvehere remain seven water pores, ranging in diameter between 1 and
is central to understanding a wide range of biological phenomena4 nm, two of which are visible in Figure 1E. These water pores
and is hence the subject of intensive research both experimentallyare similar to those observed in simulations of the spontaneous
and theoretically. aggregation of lipids into bilayersand of induced pore-formation

Previous simulation studies using simplified models have shown in bilayers through the application of a lateral tension or of an
that, under appropriate conditions, small vesicles can form spon- electric field?
taneously from disordered solutions of amphiphiletere, we report The collapse of such water pores is the rate-limiting step in the
the simulation of the spontaneous formation of a small vesicle from spontaneous formation of bilayérand has been found to take
a disordered solution of DPPC in water in atomistic detail. Atomistic between 5 and 50 ns. Sealing the vesicle may require much longer
detail in these calculations allows one to (i) analyze the nature of simulation time. Due to the high curvature, the vesicle wall is under
intermediate structures in detail, (i) assess the relevance of stress. This may stabilize water pores as suggested by electropo-
simulating small patches of a bilayer as a means of understandingration experiment$? Also, the size of the vesicle is at the lower

the properties of liposomés(iii) judge the reliability of earlier limit of DPPC vesicles observed experimentdfly.

simulations performed using coarse-grained (CG) motate] (iv) In the vesicle, the water pores facilitate the equilibration of lipids
analyze the effects of curvature which may be important in between the inner and outer leaflets as shown in Figure 2. This
understanding processes such as vesicle fision. exchange appears to be a multistep process. Lipids are seen to

The DPPC force field has been described previotilye DPPC diffuse into the pore. The headgroup of a lipid may reside in the
molecule is represented by 50 interaction sites. Aliphatic H-atoms pore for an extended period of several nanoseconds. During this
are not treated explicitly, but are treated as one site with the C-atomtime, the lipid tails rearrange. The lipid headgroup may then diffuse
they are attached to. The three-site simple point charge (SPC) modebut of the pore region into a lamellar region.
was used to describe the water. The simulation conditions were Comparing the current work to our previous simulations of
the same as those used previously. vesicle formation using a CG representation of DPPC (parametrized

A starting structure of a DPPC solution was prepared in two based on atomistic simulation¥)yve find that the global features
steps. First, 1017 DPPC molecules were distributed randomly in a of the process of aggregation are similar. Due to a higher lipid
cubic box (edge length 14.7 nm). Next, the box was enlarged by density in the atomistic model, the intermediates are in general less
1.3 nmin each dimension and 106 563 water molecules were addedwell defined. Pores tend to be less stable in the CG model due to
Overall, the water:lipid ratio was 100:1. The water:lipid ratio in a higher line tension in that model. The bicetleup—vesicle
the DPPC-rich region was 32:1. The aim of creating a layer of transition as described for the CG model at lower concentration is
water around the DPPC-rich region was to reduce the probability not observed?
that any DPPC aggregate would fuse with its periodic image and  The final structure of the vesicle (see Figure 3A) is similar to
thus form a lamellar phageThe formation of other types of  that found in the CG modéf Approximately 28% of the lipids
aggregates, such as a vesicle, might thus be pronoted. are in the inner leaflé This is comparable to the 229% found

Figure 1 shows a series of snapshots illustrating the evolution using the CG model. As with the CG vesicles, the inner leaflet
of the DPPC:water mixture during a 90 ns MD simulation. The appears to be thinner than the outer leaflet. This is due to packing
(random) starting solution is shown in Figure 1A. The region of constraints which are a consequence of the high curvature. Order
high DPPC concentration is clearly separated from its periodic parameters of the lipid tail segments were calculated with respect
images by a layer of water. The initial stages of the aggregation to the local bilayer normal. These indicate that the tails of the lipids
process are very rapid. First, micellar-like structures form which, in the inner leaflet $ for methylene groups 26 ~ —0.17) are
because of the high concentration of DPPC, are very tightly packed. significantly less ordered than those of the lipids in the outer leaflet
The structure after 1 ns, which is best described as a collection of (S~ —0.23). The order parameters of the lipid tails of the outer
associated micellar structures, is shown in Figure 1B. Lipids that leaflet are similar to those of an equilibrated lamellar bilayer.
bridge between these micelles lead to the creation of larger, lamellarDifferences between lipids in the inner and outer leaflets are
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Figure 1. Snapshots of molecular dynamics simulation of lipid aggregation in water. Lipid headgroups (yellow); lipid tails (red); water (blue). Note that
images correspond to transverse sections through the simulation box and that parts of the periodic images are also shown. lllustrated arén@\) the star
structure, (B) a series of connected micelles, (C) curved bilayers, (D) vesicular aggregate, and (E) the final vesicle, showing two defects.

Figure 2. The movement of a lipid from the outer to the inner leaflet via
a water pore. (A) The highlighted lipid first moves into the pore opening,
(B) resides in the water pore for 15 ns, before (C) finally moving to the
inner leaflet.

Figure 3. (A) The vesicle after 90 ns of simulation. Water is light blue.
The lipids are colored as in Figure 1. The more intense blue near the center
indicates a water pore. (B) Representative lipid conformations of lipids in
the outer (yellow and red) and inner (green and orange) leaflets. Other lipids
are shown in light gray (headgroups) and dark gray (tails), respectively.
Water is not shown.

illustrated in Figure 3B. As can be seen, the tails of lipids in the
outer leaflet (red) lie more along the local bilayer normal than the
tails of lipids in the inner leaflet (orange). In contrast, the
orientations of the headgroups with respect to each other are similar
in the inner and outer leafleté The density of the headgroups in
the inner leaflet is, however, higher than that in the outer leaflet.
Hence, the hydration of the outer leaflet headgroups is higher.
To summarize, we have demonstrated the possibility to simulate
the spontaneous formation of a small lipid vesicle in atomistic detail
using conventional MD simulation techniques. We find that in small
vesicles with high curvature there are marked differences in the
structural and dynamic properties between lipids in the inner and
outer leaflets. Water pores facilitate transport of lipids between
leaflets, which may hint at a more general pathway for transbilayer
transport of amphiphiles. We also find that, while the general
mechanism by which the vesicle forms is similar in simulations

using CG and atomistic models, there are differences in the details
of the process. Quantitative results concerning activated processes
are expected to be different in the two models. As an example, we
have observed that water pores appear to be more stable when the
system is described in atomistic detail.
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