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Summary

Lipids are small amphiphatic molecules that can adopt a wide variety of aggregation states

including micelles, lamellae and vesicles. In the vesicular state the lipids form a closed spher-

ically bilayer. Such vesicles, or liposomes, play an important biological role in processes such

as endo- and exo-cytosis, intracellular transport as well as providing nanoscale reaction vessels.

Lipid vesicles are also used in drug delivery applications, and serve as model systems for ex-

perimental studies of cell processes. The length scales of vesicular systems in vivo ranges from

nanometers to micrometers (whole cells).

In this thesis we have pioneered the possibilities of simulating vesicular bilayer systems

using molecular dynamics simulation (MD) techniques. A bottle-neck involved in the MD sim-

ulation of vesicles is the large computational cost which dramatically affects the reachable sim-

ulation time- and length scales. A robust method to increase the achievable simulation time-

and length scales is coarse graining (CG). In the MARTINI coarse graining approach employed

in this thesis, a predefined group of atoms is modeled as a single bead. Although atomic de-

tail is lost in this way, the number of degrees of freedom in the system is drastically reduced.

Moreover, the interaction potentials between CG beads are of softer nature and the mass of the

particles is larger, allowing to increase the time step up to 100 fs effectively (2 fs in atomistic

simulations). However, even when incorporating coarse grained techniques the upper size limit

in MD simulations was still in the order 20 nm, which is similar to the lower size limit of ex-

perimentally formed vesicles (by sonication techniques). To obtain even larger and therefore

more relevant vesicles one would need to overcome the computational barrier involved with

the larger length scale even more efficiently. Most of the computational time of a vesicular sys-

tem is spent on simulating the surrounding water. Thus, there is a need to reduce the water in

the system as much as possible without losing the bulk properties at the membrane interface. In

chapter 2 we introduced a method to enhance the efficiency of simulations of lipid vesicles. The

method increases computational speed by eliminating water molecules that either surround the

vesicle or reside in the interior of the vesicle, without altering the properties of the water at the

membrane interface. Specifically MFFA (Mean Field Force Approximation) boundary potentials
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are used to replace both the internal and external excess bulk solvent. In addition to reducing

the cost of simulating preformed vesicles the molding effect of the boundary potentials also

enhances the formation and equilibration of vesicles from random solutions of lipid in water.

Vesicles in the range of 20 to 60 nm diameter were obtained on a nanosecond timescale, without

any noticeable effect of the boundary potentials on their structure.

The molecular packing details of lipids in planar bilayers are well characterized. In the

regime of high curvature, however, little data is available. In chapter 3 we therefore stud-

ied the effect of temperature and membrane composition on the structural properties of a li-

posomal membrane in the limit of high curvature (liposomal diameter of 15-20 nm), using

coarse grained molecular dynamics simulations. Both pure dipalmitoyl-phosphatidylcholine

(DPPC) liposomes and binary mixtures of DPPC and an inverted cone shape lipid like either

dipalmitoyl-phosphatidylethanolamine (DPPE) or poly-unsaturateddilinoleyl-phosphatidylcholine

(DLiPC) lipids were modeled. The equilibrated liposomes show some remarkable properties.

We find that the curvature induces membrane thinning and reduces the thermal expansivity of

the membrane. In the inner monolayer the lipid head groups are very closely packed and de-

hydrated, and the lipid tails relatively disordered. The opposite packing effects are seen in the

outer monolayer. In addition, we noticed an increased tendency of the lipid tails to backfold

toward the interface in the outer monolayer. In the binary systems there is a clear tendency

toward partial transversal demixing of the two components, with especially DPPE enriched in

the inner monolayer. This observation is in line with a static shape concept which dictates that

inverted-cone shaped lipids such as DPPE and DLiPC would prefer the concave volume of the

inner monolayer. However, our results for DLiPC show that another effect comes into play that

is almost equally strong and provides a counter-acting driving force toward the outer, rather

than the inner monolayer. This effect is the ability of the poly-unsaturated tails of DLiPC to

backfold, which is advantageous in the outer monolayer. We speculate that poly-unsaturated

lipids in biological membranes may play an important role in stabilizing both positive and neg-

ative regions of curvature.

Lipids in the gel phase form highly ordered and close packed structures. At the limit of high

membrane curvature, as in small lipid liposomes, the two monolayer leaflets are asymmetric,

possessing either concave or convex curvature. The occurrence of gel domains in the strongly

curved bilayer seems therefore almost paradoxical and would require large structural reorgani-

zations. At present very little is known about the kinetic barriers which a small liposome will

face during the liquid-gel phase transition and how the structural organization of lipids would

occur at a molecular level. In chapter 4, we focussed on the kinetic and structural aspects of

gel domain formation in small pure DPPC vesicles. We observed that cooling of vesicles below

the phase transition temperature does not result in gel formation within accessible simulation

timescales, which we contribute to the presence of an area constraint. This area constraint is due

to the strongly reduced membrane permeability at lower temperatures. To selectively study the

effect of such area constraint on the liquid-gel phase transition, we also performed simulations
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of non-curved bilayers at a constant area per lipid. To circumvent the effective area constraint

of the liposomes, we introduced artificial pores in the membrane. These hydrophilic pores did

indeed result in the formation of gel domains in the liposome when cooled below the phase

transition temperature. We identified several distinguishable stages which occur during the

fluid-gel phase transition in the liposome and which finally results in strongly deformed frozen

liposomes.

In chapter 5, we applied the MARTINI model to assess the molecular nature of so-called

raft domains at the nanoscale, information that has thus far eluded experimental determina-

tion. We were able to show the spontaneous separation of a saturated phosphatidylcholine

(PC)/unsaturated PC/cholesterol mixture into a liquid-ordered and a liquid-disordered phase

with structural and dynamic properties closely matching experimental data. The near-atomic

resolution of the simulations reveals remarkable features of both domains, and of the boundary

domain interface. Furthermore, we predicted the existence of a small surface tension between

the monolayer leaflets which drives registration of the domains. At the level of molecular detail,

raft-like lipid mixtures show a surprising face with possible implications for many cell mem-

brane processes.






