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Chapter 1

Introduction

1.1 The biological membrane

M
embranes are a basic structural element of the cell. In living cells,

membranes serve several related yet distinct functions. In the first

place they form a protective barrier between intra- and extra- cellular

space, thus forming the limiting boundary of the cell. Second, intracellu-

lar membranes also compartimentalize eukaryotic cells into organelles.1

Membranes are semi-permeable, meaning that they form selective barriers.2

Water can pass the membrane (osmosis). Ions and small molecules like

glucose require special carrier- or channel proteins that transport them

across the membrane. Transport of proteins, for example, often requires

incorporation into vesicles, which enter the cell (endocytosis) or leave the

cell (exocytosis).1 It is only because membranes form such selective barri-

ers that cells are able to self regulate processes by changing their internal

compositions in response to changes of environmental conditions (life).3

The consideration of only the structural role of membranes, however,

overshadows their true nature: membranes are active surfaces. This func-

tion as an active surface is determined by the lipids, proteins and other

molecules which are either embedded in or localized on the membrane.

In fact, the interactions at the membrane interface determine the evolu-

tion of many biological processes.4 Furthermore, the lipids themselves,

which are the individual building blocks of the membrane, have a func-

tional role in many biological processes. For example, it is believed that
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the working mechanism of general anesthetics in medicine involves a

change in the response of lipids on signals.5, 6 This means that the indi-

vidual lipids play an important role in processes such as cell signaling.

Moreover, many processes critical to life such as liposome fusion and the

formation of membrane tubules and channels even happen in protein-

free membranes. This highlights the fact that lipids are not just building

blocks of membranes, but they play a crucial role in the functionality of

the membrane as an active surface.

Lipids are so-called amphiphilic molecules (The Greek prefix ’amphi’

means ’of both kinds’ and ’philos’ means friend) which have both a hy-

drophilic (’liking water’) and a hydrophobic (’disliking water’) part. As

shown in the inset of figure 1.1 typical membrane lipids, such as phos-

pholipids, consist of a polar head and two non-polar hydrocarbon tails.

The polarity of the hydrophilic head often results from a negatively charged

phosphate group, which is connected to another polar group, such as a

positively charged amine group in the case of phosphatidylcholines. In

an aqueous solution environment, amphiphilic molecules spontaneously

arrange themselves into clusters in such a way that the hydrophilic parts

are exposed towater, thus shielding their hydrophobic parts.7 Depending

on the specific nature of both the hydrophilic and hydrophobic part, this

aggregation can lead to a variety of phases, including micelles, bicells or

lamellar membranes.

1.2 Lipid domains

1.2.1 Ordered and disordered lamellar phases

Before the 1970’s it was generally assumed that phospholipids and mem-

brane proteins were randomly distributed in cell membranes, according

to the Singer-Nicolson fluid mosaic model.8 The existence of membrane

microdomains, i.e. a non-homogeneous cell membrane, was first postu-
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Figure 1.1: Schematic overview of a membrane in a living cell. The membrane in

a cell consist of a variety of lipids, cholesterol, sugars, peptides and proteins. The

main building block of the membrane c.q bilayer are phospholipids. Picture copied from

http://en.wikipedia.org/wiki/Image:Cell membrane detailed diagram 4.svg

lated by Stier et al. and Klausner et al.9, 10 At present, it has been demon-

strated that the phase behavior and the corresponding phase separation

of lipids is of significant importance for membrane function. Lipids ex-

hibit distinct static and dynamic structural organizations on amicroscopic

scale. In the biological membranes the liquid crystalline phase is consid-

ered to be the most abundant phase. Liquid crystals are substances that

exhibit a phase whose properties are between those of a conventional

liquid and those of a solid crystal. Possible liquid crystalline phases of

lipids in the membrane are the liquid disordered (Ld) and the liquid or-

dered phase (Lo). The former is characterised by disordered packing of

the lipid tails in the monolayer, the latter has an increased order of the
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lipid tails. Lipids can also exhibit a different ordered phase: the gel phase

(Lβ). An important distinction between lipids in the Lo or Lβ phase is the

difference in the lateral diffusion of the lipids. In the gel phase, the lat-

eral diffusion of lipids is around one hundred times smaller than in the

Lo phase.
11–14 The presence of the gel or liquid ordered phase in the mem-

brane is closely linked to the formation of lipid gel domains (phase sep-

aration). Recently, lipid domains have been the focus of much attention.

In both biological and model membranes at physiological temperatures,

Lo or Lβ and Ld phases coexist. Whether Lo or Lβ domains are formed de-

pends on the lipid composition of the membrane and temperature. Such

ordered lipid domains represent areas of the membrane where the lateral

diffusion of molecules is restricted. Thus, biologically important in-plane

reactions are strongly slowed down. Such reactions may still take place,

however, in the Ld regions of the membrane. The equilibrium distribu-

tion and reaction rates may be significantly affected by the connective-

ness and percolation of the ordered and liquid crystalline phases.

1.2.2 Rafts

The existence of a lipid raft, a specific liquid ordered domain consisting

mainly of cholesterol and sphingolipids, was first demonstrated by Estep

et al. in model membranes.15 Moreover, evidence for the existence of lipid

rafts in real cell membranes was also obtained.16 In model membranes

composed of amixture of cholesterol, sphingo- and phospolipids, specific

compositions phase-separate into distinct ordered and disordered liquid

phases. Here, the raft domain, which forms the Lo phase, is depleted of

phospolipids which in turn mainly populate the Ld phase. According to

a recent definition 17, rafts are small (10 - 200 nm), heterogenous, highly

dynamic, sterol- and sphingolipid-enriched domains that compartmen-

talize cellular processes. Rafts have been implicated in a number of bio-

logical processes and systems. These include molecular trafficking (e.g.

transport of cholesterol), cell signaling, as well as the function of the im-
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mune, vascular, digestive and reproductive systems. Presently, however,

despite their fundamental role in cell biology, and although many pro-

cesses in the cell have already been assigned to be based on the existence

of lipid rafts, the true nature of lipid rafts remains unclear at the molec-

ular level. Due to their small size and dynamic nature in the cell, they

are inherently difficult to characterize by experimental techniques. This

might explain why there is still an ongoing controversial debate about

their existence in the cell membrane. In chapter 5 of this thesis, the re-

sults of molecular dynamics simulations on the spontaneous formation

of the lipid raft domain will be presented.

1.2.3 Physics of domains

What are the driving forces of domain formation? The carbon tails of the

lipids in a lipid domain are in a more ordered and close packed state than

the tails of the surrounding lipids, therefore entropy is lost. However, be-

cause a spontaneous process such as domain formation always tends to

lower the free energy of the system, it means that domain formation c.q.

phase separation is an ethalpically driven process. These enthalpic gains

during phase separation result from an increase in favorable lipid-lipid

interactions, which are related to their specific molecular structure. Al-

though the relations between molecular structures and interactions are

very complex, often lipids possessing a similar structure form a domain

together: ”Like likes like.”

Figure 1.2 schematically illustrates the formation of a domain in a bi-

nary mixture. Here domain formation maximizes the amount of favor-

able interactions. However, lipids at the interface of a domain pay an

energetic price due to line tension. Overall the energetic gain of forming

a domain scale with the area of the domain while the energetic costs scale

with the length of the perimeter of the domain. As for a small domain, the

perimeter is relatively large compared to the area, the domain needs to
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Figure 1.2: Cartoon showing phase separation c.q domain formation between a mixture of two

different lipid species (binary mixture). Lipids having the same color are ”liking” each other

while different colored lipids are ”dis-liking” each other. Also the lipids directly located at the

interface pay a small energetic price.

reach a critical size before it becomes energetically stable. Moreover, fig-

ure 1.2 also shows coupling between the domains in the two monolayer

leaflets, because both domains are located on top of each other. If this

coupling between the domains would not be present, a local asymmetry

in lateral density over the monolayers would occur which would result

in a (local) surface tension. Therefore coupling across domains over the

monolayers also contributes to minimizing the free energy.

In addition, membrane curvature can induce the occurrence of non-

uniform lipid distributions in a membrane. Due to specific geometrical

relations between the structure of the headgroups and the tails for differ-

ent lipid types, the preference for a certain membrane curvature differs.

Some lipids possess a so-called negative spontaneous curvature favor-

ing inverted phases, e.g. inverted micelles, while others possess a posi-
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tive spontaneous curvature favoring non-inverted phases, e.g. micelles.

Therefore differences in distributions of lipids possessing a certain spon-

taneous curvature might occur locally in the membrane for example in a

vesicle or at the edge of a bicelle or hydrophilic pore.

1.3 Molecular dynamics

1.3.1 Equations of motion

On the relevant nano-scale, little is known about the detailed mecha-

nisms of phase transitions in lipid bilayers. Experimentally phase-separa-

tions can be directly observed using fluorescencemicroscopy techniques.18–21

These techniques can provide information only up to the micrometer

length scale and second time scale. However, characteristic properties

that are of great interest like the structural nature of the domain interface,

local compositions, fluctuations, exchange rates, critical domain sizes, lo-

cal diffusion etc. take place on the nano-scale and are beyond the resolu-

tion of experimental techniques. Molecular dynamics (MD) simulations

can provide such details and thus are a useful tool.

In molecular dynamics, Newton’s equations of motion,

mi
d2

ri(t)

dt2
= Fi(r1 . . . rN), (1.1)

are iteratively solved in small time steps to calculate atomic trajectories

in space as a function of time. In Eq. 1.1, ri are the position vectors of

the particles with masses mi, and Fi is the force which depends on the

positions of all N particles in the system. The force Fi is the derivative of

the interaction potential V between the particles,

Fi = −
dV (r1 . . . rN)

dri
. (1.2)
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The nature of this interaction potential V or atomic forcefield is quan-

tummechanical and is utterly expensive to directly derive from first prin-

cipals. Due to their size, for most biomolecular systems a simplified

forcefield composed of a set of simple analytical functions has to be used.

This forcefield must be parametrised, either from quantum mechanical

calculations or by fitting to well known observables obtained from exper-

iments. In general, the description and accuracy of the forcefield is one

of the two major bottle necks in the predictive power of simulations. The

second bottle neck is the limited time scale that can be achieved (sam-

pling problem). In molecular dynamics the integration time step used

to iteratively solve equation 1.1 is limited by both the magnitude of the

forces between particles and their masses. For atomistic simulations this

leads to time steps in the order of only 1 fs. Another computational time-

consuming factor is the large number of degrees of freedom in the sys-

tem. Although in state- of-the-art molecular dynamics software such as

Gromacs, CPU time scales almost linearly with the amount of particles, at

present an atomistic system consisting of several thousand particles can

be simulated for about a nano-second per day on a desktop PC, which

already corresponds to 106 integration steps. Unfortunately, most bio-

logically relevant processes occur on much longer time scales and are

therefore inaccessible to standard MD.

1.3.2 Coarse graining

A robust method to increase the achievable simulation times 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. Al-

though atomic detail 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.
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For a recent review of coarse graining methods we refer to the book of

Voth et al.22 The details of the MARTINI model are discussed in chapter

6.

1.4 Modeling of lipid liposomes

This thesis focuses on the effect of membrane curvature c.q. asymmetry

on the process of phase separation in lipid bilayers and liposomes. Be-

sides the fact that curvature itself has many interesting effects on phase

transitions/phase separations, studying lipid vesicles enables a more di-

rect and realistic comparison with experimental liposomes. Most MD

studies are nevertheless performed under so-called periodic boundary

conditions in which a small membrane patch (nanometer scale) repre-

sents part of the membrane of a macroscopic vesicle without significant

curvature. The periodic repeat length, however, limits the length scale of

the system. Previous studies showed the dependence of phase transitions

on periodic length scales, whichmakes it difficult to compare results from

simulations directly with experiments.13 Vesicular systems can bridge the

gap between the simulations and experiments as they allow for a direct

comparison.

1.5 Outline

In this thesis we pioneer the use of vesicular systems to study lipid phase

transition.

Chapter 2: Spherical mean field boundaries

Due to computational costs the largest vesicles that have been simu-

lated are in the order of 20 nm,23 which is similar to the lower size limit

of experimentally formed vesicles (by sonication techniques).24 To obtain

larger and therefore more relevant vesicles one would need to overcome



10 1. Introduction

the computational barrier involved with the larger length scale. Most of

the computational time of a vesicular system is spent on simulating the

surrounding water. Thus, there is a need to reduce the water in the sys-

tem as much as possible without losing the bulk properties at the mem-

brane interface.

In this chapter a method is presented to enhance the efficiency of sim-

ulations 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 Approx-

imation) boundary potentials are used to replace both the internal and

external excess bulk solvent. In addition to reducing the cost of simu-

lating 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 times scale, without any noticeable effect

of the boundary potentials on their structure.

Chapter 3: Structural properties of pure and binary mixed small li-

posomes

The molecular packing details of lipids in planar bilayers are well

characterized. In the regime of high curvature, however, little data is

available. In this chapter, we study the effect of temperature and mem-

brane composition on the structural properties of a liposomal 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 lipids like either dipalmitoyl-phosphatidyleth-

anolamine (DPPE) or poly-unsaturated dilinoleyl-phosphatidylcholine
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(DLiPC) lipids are modeled. The equilibrated liposomes show some re-

markable properties. We find that the curvature induces membrane thin-

ning and reduces the thermal expansivity of the membrane. In the binary

systems there is a clear tendency toward partial transversal demixing of

the two components, with especially DPPE enriched in the inner mono-

layer. However, our results for DLiPC show that another effect comes

into play that is almost equally strong and provides a counter-acting driv-

ing 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 ad-

vantageous in the outer monolayer. We speculate that poly-unsaturated

lipids in biological membranes may play an important role in stabilizing

both positive and negative regions of curvature.

Chapter 4: Formation of the gel phase in small pureDPPC liposomes

Lipids in the gel phase form highly ordered and close packed struc-

tures. At the limit of high membrane curvature, as in small lipid lipo-

somes, the two monolayer leaflets are asymmetric, possessing either con-

cave or convex curvature. The occurrence of gel domains in the strongly

curved bilayer seems therefore almost paradoxical and would require

large structural reorganizations. 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 this chapter, we focus on the kinetic and

structural aspects of gel domain formation in small pure DPPC vesicles

using molecular dynamic simulations. We observed that cooling of vesi-

cles below the phase transition temperature does not result in gel forma-

tion 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 transi-
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tion, we also performed simulations of non-curved bilayers at a con-

stant area per lipid. To circumvent the effective area constraint of the

liposomes, we introduced artificial pores in the membrane. These hy-

drophilic pores did indeed result in the formation of gel domains in the

liposome when cooled below phase transition. We identified several dis-

tinguishable stages which occur during the fluid-gel phase transition in

the liposome and which finally result in strongly deformed frozen lipo-

somes. We have been able to shed some light on the hierarchies of kinetic

barriers and the structural reorganization which a small liposome needs

to face when undergoing the liquid-gel phase transition.

Chapter 5: Characterisation of raft domains

In this chapter, we apply a novel simulationmodel to assess themolec-

ular nature of so-called raft domains at the nanoscale, information that

has thus far eluded experimental determination. We were able to show

the spontaneous separation of a saturated phosphatidylcholine (PC)/un-

saturated PC/cholesterol mixture into a liquid-ordered and a liquid-disor-

dered phase with structural and dynamic properties closely matching ex-

perimental data. The near-atomic resolution of the simulations reveals

remarkable features of both domains, and of the boundary domain in-

terface. Furthermore, we predict 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 membrane processes.



Chapter 2

The application of mean field boundary
potentials in simulations of lipid vesicles

H. Jelger Risselada, Alan E. Mark and Siewert J. Marrink

J. Chem. Phys. B 2008, 112, 7438–7447

This chapter presents a method to enhance the efficiency of simula-

tions 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 wa-

ter at the membrane interface. Specifically MFFA (Mean Field Force Ap-

proximation) boundary potentials are used to replace both the internal

and external excess bulk solvent. In addition to reducing the cost of sim-

ulating 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.

2.1 Introduction

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

aggregation states including micelles, lamellae and vesicles. In the vesic-

ular state the lipids form a closed spherically bilayer. Such vesicles, or

liposomes, play an important biological role in processes such as endo-
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and exo-cytosis, intracellular transport as well as providing nanoscale re-

action vessels. Lipid vesicles are also used in drug delivery applications,

and serve as model systems for experimental studies of cell processes.

The length scales of vesicular systems in vivo ranges from nanometers to

micrometers (whole cells). In model systems, a similar range in size can

be achieved, depending on the type of experimental techniques used.

The smallest vesicles are referred to as SUVs (Small Unilamellar Vesi-

cles) whereas the largest, approaching the size of whole cells, are termed

GUVs (Giant Unilamellar Vesicles).

A wide variety of computational studies have been performed to un-

derstand the behavior of lipid vesicles at the molecular level.23, 25–35 These

studies have been typically based on simplified, coarse grained, lipid

models although processes such as spontaneous vesicle formation and

vesicle fusion have even been simulated in full atomistic detail.36, 37 How-

ever, due to the computational cost of such calculations the size of the

vesicles that can be considered using presentmethods is limited to around

20 nm in diameter, close to the minimum size of a vesicles that can be

formed experimentally by sonication.24 Such small vesicles are onlymargi-

nally stable due the large curvature stresses involved and simulation

studies of fusion between vesicles on this length scale indeed show ex-

tremely fast kinetics, with fusion completed on a nano- to microsecond

time scale.28–30, 34, 38 The effect of curvature is also evident in other mea-

sures, such as the melting temperature of the lipids. For pure DPPC vesi-

cles it is found experimentally that the phase transition temperature de-

creases with decreasing the diameter of the vesicle below a threshold of

≃ 70 nm.39, 40 Such behavior as a function of temperature is also observed

for small vesicles in simulations.13 Although increases in computational

power will make it possible to gradually increase the size of vesicles that

can be studied in molecular or atomic detail, in order to reach more re-

alistic sizes (exceeding 100 nm) alternative approaches to describe the
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system are required.

Several methods have been proposed to bridge the gap between de-

tailed atomistic MD simulations and the micrometer lipid vesicles of ex-

perimental interest. All methods rely on reducing the number of degrees

of freedom and replacing them with mean field descriptors. In the work

of Ayton et al. 41 the physical properties from an atomistic MD study of

a PC bilayer were used together with other microscopically determined

parameters, to obtain a continuum-level model operating in time- and

length-scales orders of magnitude beyond that which is accessible by

atomistic-level simulation. In the work of Sevink et al. 42 the full kinetic

pathways of self-assembly of polymeric amphiphiles into a rich variety of

complex vesicles was demonstrated by large-scale computer simulations

based on dynamic self-consistent-field theory. Although these methods

succeed in describing the system on a micrometer length scale the ap-

proximations made result in the loss of the nanoscopic details of interest.

Another solution is to resort to a complete solvent free model. Several

groups have successfully demonstrated the formation of vesicles using

this approach.26, 27, 31–33, 43 In principle such methods allow one to maintain

detailed models for the lipid molecules, however, the drawback is that

many processes depend directly or indirectly on the explicit present of

water, for example processes such as pore formation, vesicle deforma-

tions and osmotic swelling. In addition, hydrodynamic interactions are

absent in a solvent free approach.

The aim of the method presented in this chapter is to bridge toward

larger time- and length scales preserving the nanoscopic details, includ-

ing those of the solvent. We propose the use of a boundary potential

which includes explicitly a shell of water around the vesicles, but ex-

cludes the bulk water present in the vesicle interior or surrounding the

vesicle. As most of the computational time of a vesicular system is spent
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on simulating the surrounding and interior water, reducing the number

of mulecules in the system in this way achieves a significant increase in

computational efficiency, without losing bulk properties at themembrane

interface. The ratio of the accessible volume of the interior water Vint in-

side a vesicle versus the total volume of vesicle Vtot scales as,

Vint

Vtot
∝

(r − d)3

r3
(2.1)

where r is the radius of a vesicle and d the thickness of the membrane.

Equation 2.1 shows that if the vesicle size is increased, r >> d, the in-

terior water dominates the volume fraction inside the system. As one is

interested in processes that occur primarily at or near the vesicular mem-

brane, simulating the bulk water in the interior of the vesicle is unneces-

sary as is simulating the excess solvent outside of the vesicle. Given that

vesicles are spherical objects, the use of periodic boundary conditions is

inefficient as it requires a simulation box with a space filling geometry.

Even in the most efficient unit cell for such a system, the dodecahedron,

the solvent is not distributed evenly around the vesicle.44 Ideally, from

a computational point of view a vesicle could be surrounded by a small

water shell on both the inside and the outside of the vesicle, just sufficient

to maintain its bulk properties close to the membrane interface.

One method to obtain this is by introducing a solvent boundary po-

tential, which gives a finite representation of an infinite bulk system.45–47

In the work of Brooks and Karplus 46 a soft MFFA (Mean Field Force Ap-

proximation) potential was introduced to represent the interactions of a

solvent in the reservoir region on the reaction region. This method did

not include the long range electrostatic corrections due to the polar na-

ture of the surrounding bulk water. Later methods included these elec-

trostatic effects by various approaches.48–51 However, in all studies cited,

it has proved difficult to obtain the isotropic behavior of a solvent near

the boundary interface. Especially when electrostatic interactions were
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involved, like in water, a more anisotropic behavior in both angular- and

radial distribution functions was observed.

A concern of simulating vesicles within a (spherical) constrained sol-

vent shell is the bias in possible shape undulations c.q. deformations of

the vesicle. However, these artifacts are similar to the bias which is intro-

duced by simulating vesicles in a periodic system of similar length scale,

where the vesicle feels, either directly or through the solvent, its peri-

odic image. Boundary methods dealing with flexible boundaries have

also been introduced. Li et al. 52 presented a fluctuating elastic boundary

model which encloses the simulated system in an elastic bag that mim-

ics the effects of the bulk solvent. This boundary bag was modeled as

a mesh of quasi-particles connected by elastic bonds, its motions gov-

erned by a diffusion equation. Although all shape deformations of the

vesicles are possible with such an approach, they are highly affected by

the choice of the elastic bond constants and the diffusion equation which

are a priori not known. In practice, the computational expenses of solv-

ing the equations of motion of these quasi-particle approaches as well as

thememory needed for storing themesh connections scales quadratically

with the system size, whereas the computational effort to apply a mean

field potential representing the boundary of the system is cheap and in-

dependent of the system size.

In this chapter, we apply the MFFA-approach of Brooks et al. 46 to min-

imize the amount of water in both the interior and exterior of the vesicle.

This approach has already been successfully used by others in the sim-

ulation of small membrane patches.53, 54 The application of this approach

in vesicle simulations has never been studied. Our approach has espe-

cially been developed for use in conjunction with the coarse grained lipid

model of Marrink et al.55, 56 The water in this model is represented sim-

ply by Lennard-Jones interactions, lacking any electrostatic interactions
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or rotational axis. In this case the boundary potential only represent the

mean effect of a pure Lennard-Jones fluid. Complications arising from

the integration of long range electrostatic forces, as with all-atom force

fields using Ewald-based summation methods in conjunction with the

boundary method, are therefore not present in our model. Likewise, ar-

tifacts in the isotropic behavior of the solvent (e.g. rotational ordering at

the boundary interface resulting in a net dipole moment 48–51) do not play

a role in the current application.

The aim of the this current work is to demonstrate that lipid vesicles

can be efficiently simulated using the MFFA boundary approach. The

largest vesicle studied here is 60 nm in diameter, triple the size simu-

lated previously in near atomic detail.23 Moreover, we show that due to

the molding effect of the boundary potentials the process of formation

of equilibrated vesicles from initially random lipid solutions is extremely

fast (nanosecond time scale). The remainder of the chapter is organized

as follows. In the next section, the implementation of the boundary po-

tential for vesicular systems is explained along with measures taken to

control the temperature and pressure of the system. The methodology is

then tested on two systems, namely a shell of bulk water and a planar

lipid membrane. We finally show that the methodology can be applied

very efficiently to simulate the formation and subsequent equilibration

of a range of vesicles of increasing size.

2.2 Methods

2.2.1 The spherical MFFA boundary potential

The approach that is used in this work is analogous to that of Brooks

et al.46 The coordinate system chosen in the original integration scheme

presented by Brooks et al. is, however, suffering in numerical precision
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when the ratio between the radius of the boundary cutoff Rcut and the

radius of the spherical boundary R becomes large, which is the case for

the systems of interest in this study. Moreover, it should be noted that in

the original integration scheme an additional factor of two was errane-

ously introduced, leading to an overestimation of the magnitude of the

MFFA potential also by a factor of two. Here we present a more robust,

alternative way of solving the MFFA potential for any particular water

shell of interest.

Consider a spherical system of radius R embedded in an implicit sol-

vent continuum (see figure 2.1). The total force on a particle at a distance

r0 from the center of the sphere is due to interactions with all particles

within the cutoff sphere Rcut. When r0 + Rcut > R, part of the volume

fraction of the cutoff sphere Rcut will be located within the continuum.

In this case the total force on the particle at r0 is due to the interactions

with the explicit particles as well as the interactions with the continuum.

The contribution to the total force from the explicit particles within the

solvent shell is just the normal sum over pair interactions employed in

molecular dynamics. The contribution of the continuum to the total force

on the particle at r0, is given by summing all interactions from all possi-

ble positions within the continuum weighted by the probability ρg(r) of

finding an implicit particle at distance r from r0. Here ρ is the mean den-

sity and g(r) the normalized radial distribution function of the reference

solvent. The mean field boundary force from the implicit solvent acting

on a particle at r0 is given by (see figure 2.1, A):

Fw(r0) = 2π

∫ θmax

0

sin(θ)dθ

∫ lcut(θ)

R

r2ρg(r)F (r)dr (2.2)

By applying the cosine theorem on the projections in figure 2.1 the
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Figure 2.1: Conceptual picture of the MFFA boundary potential. Shown in cartoon A is the

integration scheme for the case where the virtual region is outside the spherical simulation zone.

Shown in B is the case were an internal cavity is present inside the simulation zone. A particle

lies within position r0 from the center of the simulation zone. The particle interacts with a virtual

particle outside the simulation at distance r. lcut is the distance between the particle at position

r0 and the point where r intersects with the simulation sphere R. The grey sphere depicts the

interaction cutoff Rcut.

boundary condition of this convolution integral is solved. The angle θmax

is determined from r0, R and Rcut and gives:

θmax = arccos(
R2 − r2

0 − R2
cut

2r0Rcut
) (2.3)

The distance lcut is given by:

lcut(θ) = −r0cos(θ) +
√

r2
0cos

2(θ) − r2
0 + R2 (2.4)

The quantity F (r) is the radial component of the force along the direc-
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tion r0, where r0 = (ix0, iz0, iy0) is the vector connecting the particle at r0

and the center of the reaction zone.

F (r) = rcos(θ)
(dV

dr

)
(2.5)

with dV
dr denoting the derivative of the pairwise potential interaction

function with respect to r. Hence, only its radial component is required

due to the azimuthal symmetry around r0. The overall boundary force

Fw(r0) can be decomposed into its x,y,z component in the reference frame

by:

FB(r̂0) = r̂0Fw(r0) (2.6)

Where r̂0 = r0/r0, represents the unit normal vector along r0. Accord-

ing to the same procedure, the boundary force from the inverted case,

where a cavity is surrounded by the simulation zone can also be obtained

(see figure 2.1, B). In this case θmax in equation 2.3 is given by:

θmax = arccos(
R2

cut + r2
0 − R2

2r0Rcut
) (2.7)

and lcut(θ) in equation 2.4 as:

lcut(θ) = r0cos(θ) −
√

r2
0cos

2(θ) − r2
0 + R2 (2.8)

A schematic picture of the MFFA boundary potential is given in figure

2.2. Particles moving toward the boundary first experience a net attrac-
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tive force. When particles approach the boundary more closely they will

experience a repulsive force. The strength of this repulsive force is soft in

comparison to the normal Lenard Jones interactions of the solvent. The

nature of the mean field force potential is to compensate the surface ten-

sion at the boundaries which would otherwise occur in a system having

a finite size.

By combining both approaches any solvent shell of interest, with inner

radiusRin and outer radiusRout, can be obtained. As theMFFA boundary

potential is numerically solved and therefore in practice a tabulated force

potential, it has a finite range. To prevent particles overcoming the repul-

sive barrier of the boundary an additional repulsive harmonic potential

is applied to the particle in the region r0 ≦ Rin and r0 ≧ Rout. The force

constant of this harmonic potential is obtained from a linear fit of the

repulsive tail region of the tabulated force potential. The MFFA bound-

ary potential method was implemented in the GROMACS-3.3 simulation

package.57

Figure 2.2: Cartoon depicting the overall simulation setup. The left cartoon shows the cross

section of a detailed fragment of the system. The picture right shows a overview of the cross

section of the entire system, a vesicle under spherical MFFA boundary conditions. The reaction

zone contains the membrane and CG water under conventional Newtonian dynamics. In the

light grey region the CG water is subjected to theMFFA boundary potential. The plotted curved

line depicts the MFFA boundary potential. The dashed extension of this line represents the addi-

tional harmonic potential which compensates the finite nature of the tabulated MFFA boundary

potential beyond the boundaries.
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2.2.2 Temperature control

Commonly when using a MFFA like boundary stochastic coupling of

the boundaries is used as an external heat bath to maintain constant

temperature, e.g. in the EGO simulation software package.58 However,

for the large systems considered in this study the ratio of surface area

to volume meant that the implementation of a stable algorithm for a

stochastic boundary zone required either a strong reduction of the in-

tegration time step or a much more frequent update of the neighbor pair

list to improve energy conservation, compared to the values achievable

in standard membrane simulations using the CG model.55 Both of these

requirements would render the overall aim of the boundary potential ap-

proach, i.e. to improve the computational efficiency of the simulations,

ineffective. For this reason in the applications described in this chap-

ter, we use the Berendsen thermostat method 59, although it should be

noted that, strictly speaking, the Berendsen thermostat does not generate

a proper NVT/NPT ensemble. In contrast with the Berendsen thermo-

stat, stochastic boundaries include both thermal and density relaxations

simultaneously, compensating the sparse nature at the boundaries. As

this stochastic effect ismissing in the Berendsen thermostatmethod, there

is increased local order near the boundaries, effectively lowering the ki-

netic barrier of freezing for the solvent near the boundaries.

In order to prevent freezing of the CG water near the boundaries in

studies where the temperature is close or even lower than the melting

temperature of the solvent, a simple solution was adopted. To prevent

the development of long range order and the appearance of a crystal lat-

tice at the boundary interface, so called antifreeze (AF) particles were

introduced.56 These AF particles interact differently with different parti-

cles. For all particles other than the CGwater their interaction is the same

as for CG water. For the interaction between the AF and the CG water

the LJ parameter σ is changed from 0.47 nm to 0.57 nm, making the AF
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particles effectively larger. The optimal packing of the CG water at the

boundaries is thus disrupted. A concentration of ≈ 5% of AF particles in

the shell is sufficient to prevent the freezing near the boundaries down to

temperatures tens of degrees below the freezing point of pure CG water

(around 290 K 56). In section 2.3.2 we describe results from test runs on

bilayers, showing that the properties of the bilayer were unaffected by

the introduction of AF particles.

2.2.3 Pressure control

The MFFA boundary potential method provides a system in the NVT-

ensemble, although the nature of the potential is soft and the effective

volume might show small fluctuations. If the method is to be applied

to study processes such as vesicle formation or phase transitions where

changes in density can occur the NPT-ensemble is more appropriate. In

addition the NPT-ensemble allows a better comparisonwith experiments

often performed under atmospheric pressure. There are two basic ways

to define pressure in a non-periodic MFFA boundary system: The most

straightforward way to define pressure in a non-periodic system is by

summing the external boundary contributions Fb over all particles N and

dividing it by the total boundary surface A. The external pressure Pext is

thus given by:

Pext =
1

A

N∑

i=1

Fb,i (2.9)

Assuming that the internal mean pressure Pint is uniformly distributed

throughout the system, Pint = Pext, and the internal pressure can be ob-

tained using formula 2.9. However when there is a net surface tension at

the boundary, Pint 6= Pext, due to the induced Laplace pressure contribu-

tion. As the coupling to an external pressure bath will give rise to volume

fluctuations, the boundary curvature will also show fluctuations as Fb(r0)
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in equation 2.2 is dependent on the boundary curvature. Therefore, al-

though the mean field force potential is designed to minimize the net

mean surface tension, due to fluctuations in curvature and the (numeri-

cal) precision of the MFFA-potential fit itself a small net surface tension

might still occur. For this reason a more robust way to define the internal

pressure based on the work of Schofield and Henderson 60 was used:

[p]Ω,int =
2([K]Ω − [Θ]Ω,int)

3VΩ
(2.10)

In this approach the internal pressure is given by:

Pint = [p]Tr
Ω,int (2.11)

Formula 2.10 gives the pressure tensor within every macroscopic sub-

region Ω. Here [K]Ω is the kinetic energy tensor of the atomswithinΩ and

[Θ]Ω,int is the internal virial tensor. The quantity VΩ denotes the volume

of Ω. For the entire system,

V =
4

3
π(R3

out − R3
in) (2.12)

withRout the radius of the outer boundary potential and Rin the radius

of the inner boundary potential. Due to the particle interactions with

the boundary the internal virial tensor [Θ]Ω,int can be decomposed in two

parts:

[Θ]Ω,int = [Θ]Ω,int,pairs + [Θ]Ω,int,wall (2.13)

The first part, [Θ]Ω,int,pairs, results from the direct pair interactions be-

tween all particles in the system. The second part , [Θ]Ω,int,wall, results

from the interactions of particles with the boundary.

To obtain the virial contribution coming from the direct pair interac-

tions, [Θ]Ω,int,pairs, all boundary force contributions acting on atom i are

neglected. Therefore the single sum internal virial tensor [Θ]Ω,int,pairs in

this non periodic system is given by:
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[Θ]Ω,int,pairs = −
1

2

N∑

i=1

(F̂i − F̂b,i) ⊗ r̂i (2.14)

where Fi is the total force and Fb,i the boundary force acting on atom i.

The virial contribution coming from the interactions of particles with

the boundary [Θ]Ω,int,wall is given by:

[Θ]Ω,int,wall = k

N∑

i=1

Fb,i ⊗ r̂center,i d(i) (2.15)

where r̂center,i is the unit normal factor connecting the center of the

spherical system with the particle i and d(i) being the distance to the

boundary along r̂center,i. It should be noted that d(i) > 0 when the parti-

cle is located in the region within the boundaries and d(i) < 0 when the

particle resides outside of the boundaries. The latter is possible due to the

soft nature of the boundary potential. The prefactor k has a value of −1

when summing the contributions coming from the outer boundary and

1 when summing the contributions coming from the inner boundary. In

practice, the calculation of the boundary virial contribution [Θ]Ω,int,wall is

done within the same single loop as the calculation of the boundary force

on each particle.

A convenient and simple way to control the pressure in the system is

by coupling to a Berendsen barostat.59 To maintain the systems unifor-

mity and to prevent the build up of additional pressure inside for ex-

ample, a vesicle, the whole system is subjected to isotropic scaling i.e.

scaling both inner and outer radius as well as all atomic coordinates with

the same scaling matrix µ. The form of the boundary potentials remains

fixed however. The effect of scaling R on theMFFA-potential is negligible

for the size of system of interest in this work. For instance, the standard

deviation in the effective radius of a pure water system at T = 323 K is

only about 2% for R = 10 nm.
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2.2.4 Simulation setup

CG-model: All simulations were performed using the MARTINI coarse

grained (CG) model (cf. chapter 6), version 1.4, using an integration time

step of 40 fs. The simulation times reported in this chapter represent the

corresponding real times.

Pure water: To test themethod and its implementation a system of pure

CG water in a spherical shell with Rin = 10 nm and Rout = 22 nm was

simulated at a temperature of 323 K and a pressure of 1 bar using the

MFFA boundary conditions. The MFFA-potentials were calculated using

equation 2.2. The radial distribution function in equation 2.2 was ob-

tained from a NPT-simulation of 1500 CG water beads under periodic

boundary conditions at 323K and 1 bar. For the cutoff of the MFFA-

potential the same values were chosen as for the normal cutoff of the

pairwise interactions, 1.2 nm. Pressure and temperature were coupled to

an external bath using the Berendsen coupling method (τP=τT = 1.0 ps−1,

β = 5*10−5 bar−1).59 Both rigid body linear- and angular momentum were

removed every time step.

Lipid bilayer: To test any possible effect of the MFFA boundary ap-

proach on the bilayer structure, the periodicity along the Z-axis of a pe-

riodic bilayer system was removed and replaced by two MFFA bound-

ary potentials. The MFFA boundary potentials were derived for a planar

system in a similar way as in equations 2.2 - 2.6. An equilibrated DPPC

bilayer patch consisting of 128 lipids, taken from a conventional simula-

tion under periodic boundary conditions, was placed within the reaction

zone of the MFFA boundary system. A CG solvent layer of 2.5 nm thick-

ness was placed between themembrane patch and theMFFA boundaries.

Additionally, to test any possible effects on the membrane properties of

the MARTINI antifreeze particles in conjunction with the MFFA method,

a solvent consisting of 5% antifreeze particles was used.
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Vesicles: In order to study the formation of vesicles of increasing size,

five different systems corresponding to vesicles with diameters of 20, 30,

40, 50 and 60 nm were prepared. The number of lipids required to form

the desired vesicle size was estimated from the area per lipid of a CG sim-

ulation of a DPPC membrane at 323K. From the area per lipid (0.64 nm2)

and the lateral phosphate-phosphate distance (4 nm) the required num-

bers were calculated assuming that the total average area per lipid of both

the monolayers of the vesicle is close to this value, see table 2.1. Control

simulations in which a greater or lesser number of lipids were used were

also performed. The starting configurations were obtained by copying

a small cubic periodic box, containing a randomly mixed DPPC:water

system, multiple times into a simulation box which embeds the spheri-

cal shell of interest. The spherical shell was then cut from the simulation

box. To obtain a smooth starting configuration, a maximum of 1 DPPC

tail bead per lipid was allowed to be out of the spherical shell. If this

criterion was not fulfilled, then the excess DPPC-beads were removed

and the remaining beads were converted into CG-water beads. Alterna-

tive starting configurations were prepared by removing all lipids within

a distance of 2-2.5 nm from the boundary so that a layer of pure solvent

surrounded the lipid solution. During the simulations, the lipids were

subjected to either the same MFFA boundary potential as the water (non

selective) or to a purely repulsive potential (selective). This repulsive po-

tential was harmonic in nature and was intended to bias the diffusion of

the lipids toward the central zone, thus enhancing the rate of vesicle for-

mation.

Spontaneous aggregation: As a control, the structural properties of the

vesicles formed using the MFFA boundary approach were compared to

the structure of vesicles formed by using the spontaneous aggregation of

lipids in a fully periodic system. To gain insight into the rate of vesicle
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formation under different boundary conditions the simulation of the 20

nm vesicle (table 2.1) was also performed in a 28 nm cubic periodic box

at the same state point, but with 2528 DPPC lipids randomly distributed

within a sphere of radius 13 nm. The remaining volume in the box was

filled with CG-water. This simulation was performed in duplicate start-

ing from different lipid distributions.

Artificial pores: In a similar fashion to the spherical MFFA approach,

cylindrical shaped boundaries were also implemented. By restraining

the carbon tails in the lipids, these boundaries were used to induce pores

inside the membrane of any chosen size.61 When the restraining force has

both repulsive and attractive contributions, a pore is formed in which

the carbon tails are forced to form the interface of the pore (hydropho-

bic pore). Due to its hydrophobic nature such a pore is energetically

unfavorable, however the edge tension induced at the pore interface is

compensated by the attractive contribution from the potential. When

only repulsive contributions are present the membrane is free to chose

its most favorable pore structure. In the case of DPPC (CG-model), when

the restraining radius on the tails is greater than 1.2 nm, the interface of

a pore is completely formed by the lipid head groups (hydrophilic pore).

In such a pore the lipids can freely exchange (flip-flop) between the two

monolayers allowing the membrane to equilibrate. Using this approach

several pores can be induced in the liposome while still conserving its

curvature and shape. In this way, a metastable liposome is able to relax

to its lowest thermodynamical state. Moreover, the ratio in flip-flops be-

tween the two monolayers provides a useful criterion to determine the

state of equilibrium of a given vesicle.
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Table 2.1: System setup for vesicle simulations.

Vesicle Rin Rout # DPPC # W (GC)

diameter (nm) (nm) (nm)

20 2.5 12.5 2528 43303

30 6.0 18.0 5915 140811

40 10.0 22.0 10529 242720
1 5915 298088
2 11354 232820

50 15.5 27.5 18271 374408

60 20.0 32.5 27384 639722

1 System containing an insufficient number of lipids to form a vesicle.
2 System containing a number of lipids in excess of that required to form a vesicle.

2.3 Results

2.3.1 Test case : Pure water
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Figure 2.3: A plot of the temperature and density distribution throughout the simulation shell

for a pure CGwater system at 323 K in the NPT-ensemble. Relative values are given with respect

to the reference values of conventional MD in the same ensemble.

Figure 2.3, shows the density and temperature profile for a 40 ns simu-

lation of pure CGwater at 323K in theNPT-ensemble usingMFFA bound-

ary potentials at Rin = 10 and Rout = 22 nm. While some ordering in the
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density profile is evident near the boundary, this fades within 2 nm of

the boundary giving the normal isotropic bulk properties. Therefore, to

diminish artifacts at the edges of the reaction zone of interest the width of

buffer zone is ideally >2 nm. The density in the reaction zone is in good

agreement with conventional MD simulation of CG-water.

2.3.2 Test case : Lipid bilayer

Figure 2.4 shows the comparison of the lateral density and pressure pro-

file for a 128 lipids DPPC bilayer under periodic boundary conditions

with ’pure’ CG-water (conventional setup) or underMFFA-boundary con-

ditions with the addition of 5% antifreeze particles (boundary setup).

Figure 2.4 demonstrates that apart from some minor differences, both

the pressure and density profile obtained with the boundary setup are in

good agreement with the results obtained with the conventional setup.

The minor differences are related to the presence of the antifreeze parti-

cles rather than the presence of the MFFA boundaries. The bilayer pro-

files obtained without the antifreeze particles are almost indistinguish-

able between the boundary and conventional setup (data not shown).

Comparison of the distribution of the relative densities for normal and

antifreeze water reveals that the antifreeze particles are somewhat re-

pelled from the interface. Although one could, in principle, further fine-

tune the interactions between antifreeze particles and the particle types

constituting the bilayer in order to obtain a more homogeneous distribu-

tion, this is not desirable. The main purpose of the antifreeze particles

is to prevent freezing of the water phase which is nucleated by the or-

dering effect of the boundary (compare figure 2.3). The increased rela-

tive density of the antifreeze particles in the bulk water slab is therefore

only advantageous. The pressure profile shows a remarkable feature,

namely the appearance of two small shoulders (z = ± 1 nm) to the big

positive peak arising from the carbon tails. Interestingly, similar shoul-

der peaks are also more pronounced in the pressure profiles of atomistic
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Figure 2.4: Plot of the lateral density- and pressure profile in the bilayer simulated under peri-

odic boundary conditions (conventional setup) or MFFA boundary potentials in addition with

antifreeze particles (boundary setup). Thick lines represent the boundary setup, thin lines the

conventional setup. The peaks of water (W) and antifreeze particles (AF) in the boundary setup

are scaled with respect to their relative density.

DPPC bilayers.62 Although we do not understand the origin of this effect,

the addition of antifreeze particles appears to result in a more realistic

stress distribution across the bilayer. We also evaluated the effect of the
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system setup on the lateral diffusion rates of the lipids, and found it to

be very small. In the boundary setup, the lateral diffusion constant in-

creases with 3 ± 1% compared to the conventional simulation setup. In

conclusion, within the resolution obtained by our coarse grained model

these small changes in structural and dynamic properties when using the

boundary setup are neglegible.

2.3.3 Application : Vesicle formation

The ability to form vesicles using the MFFA boundary approach was

tested using different approaches to generate the starting structure and

to accelerate the demixing of lipids and water. In the simulations where

only the MFFA boundary potential of the CG-water was used the lipids

condensed into patches on the boundary surface within a few nanosec-

onds. Depending on the concentration, the lipids formed either inter-

penetrating networks between the boundaries (high or desired concen-

tration regime (table 2.1)) or condensed as a monolayer on one of the

boundaries in the lower concentration regime. None of the attempts re-

sulted in the formation of a complete vesicle within 200 ns (figure 2.5).

The failure of vesicles to form could be due to a number of reasons. One

possibility is that the width of the region in which lipids and water were

randomly mixed initially was too wide. This, especially in the case of

larger systems, could lead the lipids to become trapped in kinetic inter-

mediates such as shown in figure 2.5. In this case the ’molding’ effect

of the repulsive potential was insufficient, resulting in wide spread lipid

patch formation and double lamellar vesicles full of pores and interlamel-

lar stalks. An excessive or insufficient number of lipids also resulted

in the formation of irregularly shaped aggregates (figure 2.5). In cases

where there were an excessive number of lipids, very floppy, irregular

shaped vesicles were formed. Where the amount of lipid was insufficient

nearly perfect spherical vesicles containing one or more pores were ob-
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Table 2.2: Comparison of boundary approach with conventional spontaneous aggregation.

Shown is the number of DPPC molecules in the inner and outer leaflet of the membrane.

#DPPCin #DPPCout

Marrink et al.23 : 940 1588

Conventional aggregation I : 940 1588

Conventional aggregation II : 912 1616

MFFA-boundary I : 921 1607

MFFA-boundary II : 923 1605

tained. In this case pore closure was not possible as the inner boundary

potential prevented further shrinkage.

Spherical and sealed vesicles could however be formed by either ex-

cluding lipids in the starting structure from a solvent shell of 2-2.5 nm

thick, or by applying a repulsive boundary potential to the lipids with a

force constant exceeding 10 kJ mol−1 nm−2 and a width of 1.5 - 2.0 nm.

Using this approach, vesicles form quickly (figure 2.6). The time scales

required ranged from 24 ns for a 20 nm vesicle, to 40-80 ns for the largest

vesicles of 60 nm diameter. Figure 2.7, shows the 5 DPPC vesicles formed

using this method. The largest of these vesicles was 60 nm in diameter

and was composed of 27384 lipids, approximately three times the small-

est size observed experimentally.

2.3.4 Application: Vesicle equilibration

In order to compare the structure of the vesicles formed under MFFA

boundary conditions to a vesicle formed under standard periodic bound-

ary conditions (Marrink et al. 23) the lateral density profiles with re-

spect to the center of the vesicle were compared (see figure 2.8). The

lateral density profiles seem similar for the vesicles obtained using the

two methods. The maximum deviation between the profiles is in the or-

der of 0.3 nm. Such deviations can both be due to shape fluctuations
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Figure 2.5: Examples of cases in which DPPC vesicles failed to form under various conditions.

The head groups are colored cyan, the tail groups grey and water in blue. Upper left, top view of

a 40 nm system simulated under MFFA boundary conditions without either a selective repellent

potential or an additional water layer. Clear patch formation is observed at the surface of the

boundaries and the configuration becomes kinetically trapped. Upper right, cross section of

the formation of a 40 nm diameter vesicle. An additional harmonic potential of 0.3 nm width

and a force constant of 50 kJ mol−1 nm−2 was used to enhance demixing of the lipids at the

boundary interface. The width of the repellent potential was insufficient to cause a ’molding’

effect. The snapshot reveals wide spread lipid patch formation through the system after 200

ns of simulated time. Lower left, a cross section of a 40 nm diameter vesicle formed from an

excessive lipid amount. The simulation was started with an additional CG water layer at the

boundary of thickness 2.0 nm to prevent condensation of lipids at the boundaries. The snapshot

shows a floppy irregular shaped vesicle sealed after 32 ns of simulated time. Lower right, a cross

section of a 30 nm diameter vesicle formed from a insufficient amount of lipids. A snapshot after

64 ns of simulation reveals the presence of a large pore (around 6 nm in diameter).
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Figure 2.6: Vesicle formation of a 20 nm diameter pure DPPC vesicle. An additional repulsive

harmonic potential of 0.3 nm width and a force constant of 50 kJ mol−1 nm−2 was used to

enhance demixing of the lipids at the boundary interface. Snapshots are shown at t = 0, 4, 20

and 32 ns. The head groups are colored cyan, and the tail groups grey. A contour of the 2.5 nm

radius internal cavity is visible.

Figure 2.7: Overview of the 5 different vesicles formed by the presented MFFA boundary

method. Shown from front to back a 20 nm, 30 nm, 40 nm, 50 nm and 60 nm diameter pure

DPPC vesicle.

and to variations within the spontaneously formed vesicles arising from

a difference in the distribution of lipids between the two leaflets. Al-



2.3. Results 37

4 5 6 7 8 9 10 11 12
distance from vesicle center [nm]

0

2

4

6

8

10

nu
m

be
r 

de
ns

ity
 n

m
-3

Figure 2.8: The radial number density in the membrane with respect to the center of the vesicle.

The black line represents the vesicle obtained by Marrink et al.23 The grey lines represent two

vesicles formed under MFFA-boundary conditions. Solid lines represent the headgroup region.

The dotted lines represent the tail regions of the inner monolayer and the dashed lines the tail

region of the outer monolayer.
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Figure 2.9: A; The number of lipid molecules in the inner monolayer as a function of time in a

DPPC vesicle (2528 lipids, 323K). B; The distribution of lipids in the inner monolayer averaged

over time (480 ns).

though the comparison is not statistically rigorous, table 2.2 suggest that

the variation in the lipid distribution over the membrane leaflets from

the vesicles obtained with the MFFA boundary approach is similar to the

distribution within vesicles formed under periodic boundary conditions.

However, based on these results it is not possible to say what would be

the true equilibrium distribution. Once sealed, lipid flip-flops are not
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observed even on a microsecond time scale, preventing further equili-

bration of the vesicles. In order to resolve this issue, artificial pores were

introduced into the vesicle. To achieve this, a purely repellent cylindrical

potential with a force constant of 50 kJ mol−1 nm−2 and a radius R=1.8

nm diameter was used. This potential was only felt by the carbon tails

of the lipids and was present from the start of the simulation. A vesicle

formed within 40 ns, similar to the previous results, but which contained

two hydrophilic pores. This simulation was continued for 480 ns to al-

low for the equilibration between the two leaflets. The results are shown

in figure 2.9. Figure 2.9 A shows the fluctuation in the number of lipids

in the inner monolayer resulting from flip-flops between the inner and

outer monolayer. Figure 2.9 B reveals the time averaged distribution in

the monolayer population. Based on this distribution we estimated that

there would be around 935 lipids in the inner- and 1593 lipids in the outer

monolayer at equilibrium. These results suggest that the values obtained

with the ’stand-alone’ MFFA-boundary method presented in table 2.2 are

within the tails of the expected distribution. From figure 2.9 A it appears

that the number of flip-flop events between the two monolayers stabilize

after approximately 120 ns. Therefore the mismatch between the values

obtained by the ’stand-alone’ MFFA-boundary method is most likely re-

lated to an insufficient relaxation time during the formation of the vesi-

cle. The introduction of artificial pores is a simple and powerful method

to obtain equilibrated vesicles.

2.4 Discussion

Our aim was to develop an approach that allows large scale simulations

of vesicular systems, without compromising on the relevant near-atomic

details of the underlying coarse grained model. The results show that the

use of a boundary potential to replace bulk solvent, both inside and out-

side the vesicle, is reasonable. Comparison of the structure of both lamel-
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lar bilayers and of vesicles obtained with the boundary method to those

obtained using full solvation revealed no significant artifacts so long as

the solvent shell was sufficiently large. A solvent shell of 2.5 nm was

found to be sufficient for the effect of the boundary potential to be negli-

gible.

As expected from a model based on a cutoff scheme to evaluate the

pair interactions, the gain in computational efficiency is found to be ap-

proximately linear with respect to the relative decrease in solvent parti-

cles. This in turn depended on vesicle size, equation 2.1. For the vesicle

of 60 nm in diameter, the gain in computational efficiency was consider-

able, around 60 % in comparison with the same vesicles under normal

cubic periodic boundary conditions. For more complex periodic boxes

such as the rhombic dodecahedron the gain in efficiency was approxi-

mately 45%. The boundary method will become progressively more ef-

fective for larger vesicles. Considering, for instance, a vesicle of 100 nm,

the gain in computational efficiency is estimated as 72 % compared to

a cubic box and 60% for a rhombic dodecahedron. In practice, the es-

timated efficiency gain will be even higher as perfect linear scaling of

computational speed with the number of solvent particles was assumed,

which is never achieved in practice. The additional computational costs

due to the implementation of the MFFA boundary are small. This is be-

cause the boundary force can be tabulated as a set of cubic splines which

are only dependent on the position of the particles within the system.

In GROMACS-3.3 the additional costs due to the implementation of the

MFFA boundary method were less than 1% of the total computational

cost.

Further speed-up is obtained for the formation of the vesicles, due

to the molding effect of the boundary potentials. While one could start

from pre-assembled vesicles, it should be noted that for a vesicle of a
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given radius neither the total number of lipids nor the ratio between the

lipids in the inner and outer monolayer are known precisely. As a result,

pre-assembled vesicles are likely to be in a state of stress. Using the self-

assembly approach, stress can be released through the optimization of

the vesicle size and the exchange of lipids between the monolayers dur-

ing the process of vesicle formation. Moreover, we have demonstrated

that artificial pores can be used to allow further equilibration even after

the vesicles have sealed. This method seems essential to obtain and to

ensure fully equilibrated vesicles.

Our results indicate that the best method for vesicle formation is ob-

tained if a layer of water surrounds the lipid solution in the starting con-

figuration. This approach appears preferable to the method were a se-

lective repulsive potential is used for the lipids. First, the solvent shell is

easier to implement, second, the formation of vesicles is faster, especially

for larger vesicles (> 30 nm diameter). The reason for this is that, in case

of the selective repulsive potential method, the diffusion towards the re-

action zone becomes the rate determining step in the vesicle formation.

A prerequisite of the method presented is that the total number of lipids

required is approximately known. An over or under estimation of the

number of lipids required may lead to the formation of stressed vesicles

as shown in figure 2.5. The appropiate number of lipids can be estimated

from the following equation:

f(r) =
4π

A
((r − d)2 + r2) (2.16)

Here f(r) is the total amount of lipids in the vesicle as function of its

radius r, A is the area per lipid and d the characteristic thickness of the

bilayer. A fit of our results to equation 2.16 is given in figure 2.10. From

figure 2.10 it should be noted that a simple prediction based on a fixed

average area per lipid (A = 0.654 nm2) and thickness (d = 4.06 nm) from

a bilayer patch closely reproduces the data obtained for vesicles over the
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whole size range. This result might be surprising given that the differ-

ence in area per lipid between the two monolayers is relatively large (

±30%) in the lower regions of the fitted curve.
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Figure 2.10: The total number of DPPC lipids versus vesicle radius for vesicles obtained from

the simulations (black squares). The radius was calculated from the average distance of the

phosphate groups in the outer monolayer to the center of the vesicle. The dashed line is a fit of

equation 2.16. Here A = 0.654 nm and d = 4.061 nm.

Potential applications of the boundary potential method are diverse.

We have shown that the method is a fast way to efficiently generate equi-

librated vesicles. In addition, for a given minimum width of the solvent

layer, the use of a spherical boundary is recommended to avoid artifacts

caused by an otherwise inhomogeneous solvent distribution around the

vesicle when simulated under periodic boundary conditions. Due to the

reduction in solvent degrees of freedom, the boundary approach in gen-

eral allows the study of extended length- and time scales for vesicular

membranes. Especially for large vesicles the gain in computational speed

is very substantial. Formation of nanodomains, for instance, is currently

being simulated in our group for systems of comparable size to those

used in experimental studies. The MFFA approach is also flexible; in-

creasing the volume enclosed by the boundary potentials allows one to
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include peptides or proteins. Membrane poration by antimicrobial pep-

tides is an example of a process which would highly benefit from using

our spherical boundary method, taking place in a small solvent shell sur-

rounding the bilayer. For the size of the vesicles formed in this study

thermal deformations are expected to be very small.63 For larger or softer

vesicles these modes will become more important. In such case an in-

crease in the width of the solvent shell may be required to prevent sup-

pression of such undulations. In the case of mixed systems, where the

effective area per molecule is not known, an increase in the width of the

solvent layers might also be required to guarantee a greater flexibility

for the preferred size of self-assembling vesicles. Furthermore, one could

study fusion of two vesicles by removing the outer boundary potential

(although for the complete fusion pathway also the inner boundary po-

tentials would have to be removed). Another advantage of the method

is its possibility to increase the internal pressure inside the vesicle, by

separate scaling of the inner and outer boundaries. Osmotic shock exper-

iments could thus be simulated. Finally, spherical boundary potentials

could be applied to reduce the solvent layer around other molecules or

molecular assemblies with (quasi-)spherical geometry, such as proteins,

polymer chains, and micelles.

2.5 Conclusions

Amethod has been presented to efficiently simulate the properties of self-

assembled vesicles up to a diameter of 60 nm at near atomic detail. The

method involves the application of boundary potentials to replace both

the internal and external excess bulk solvent. 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. Moreover,

a powerful method for equilibration of vesicles by introducing artificial

pores was demonstrated. These detailed vesicles may be subjected for
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further studies including phase separations and osmotic shock simula-

tions.





Chapter 3

Curvature effects on lipid packing in liposomes

H. Jelger Risselada and Siewert J. Marrink

Phys. Chem. Chem. Phys., submitted

The molecular packing details of lipids in planar bilayers are well

characterized. In the regime of high curvature, however, little data

is available. In this paper, we study the effect of temperature and mem-

brane composition on the structural properties of a liposomal 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 either dipalmi-toyl–phosphatidylethanolamine (DPPE) or poly-unsat-

urated dilinoleyl–phosphatidylcholine (DLiPC) lipids are modeled. We

take special care in the equilibration of the liposomes requiring lipid flip-

flopping, which can be facilitated by the temporary insertion of artifi-

cial pores. The equilibrated liposomes show some remarkable proper-

ties. 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 dehydrated, and the lipids

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 andDLiPC
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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 biolog-

ical membranes may play an important role in stabilizing both positive

and negative regions of curvature.

3.1 Introduction

Liposomes, or vesicles, are widely used in in-vitro studies as mimics of

either complete cells or cell organelles such as endosomes or transport

vesicles involved in endo- or exocytosis and protein trafficking. In the

realm of synthetic biology they furthermore play an important role as

drug carriers, sensors and many more potential applications only lim-

ited by imagination. Below a certain critical length scale the physical

properties of the liposomal membrane becomes dependent on its radius.

For instance, small liposomes possess a high bending energy, which af-

fects their fusogenic propensity. The smaller the radius of a liposome,

the more likely and faster it will fuse. Not surprisingly, in nature fusion

processes are mediated by small vesicles. Experimentally the smallest

liposomes that can be formed by sonication are in the order of 20 nm.24

It is plausible that these vesicles are in fact metastable, and will fuse to

form larger vesicles if they get the chance. Another illustration of altered

properties of curved bilayers is reflected by their phase behavior. For

pure dipalmitoyl-phosphatidylcholine (DPPC) vesicles, it has been ex-

perimentally found that the phase transition temperature decreases with

decreasing the diameter of the vesicle below a threshold value of ≃ 70

nm.39, 40 The reason for this behavior is explained by the difficulty of lipid

packing inside a strongly curved geometry. Experimental X-ray scat-
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tering data 64 show that the lateral density profile of a 80 nm diameter

stearoyl-oleoyl-phosphatidylserine (SOPS) liposome exhibits structural

asymmetry between the two monolayers. Due to differences in available

packing space for the lipid tails between the inner and outer monolayer,

the inner monolayer revealed a more disordered structure in comparison

with the outer monolayer. From small-angle neutron scattering (SANS)

studies 65, 66 on PC liposomes exceeding 50 nm diameter it was concluded

that the bilayer thickness decreases with increasing vesicle size. The in-

terpretation of such scattering data has been questioned, however. In a

subsequent combined X-ray/SANS/dynamic light scattering study 67 of

the curvature effect on the structure of DOPC liposomes in the size range

of 60-180 nm, no significant effect of curvature on either bilayer thickness

or bilayer asymmetry was found.

Despite the importance of small vesicles, the structure of curved mem-

branes at the level of molecular detail is still largely unresolved. Com-

puter modeling studies could provide such detail, and studies of small

vesicles are now computationally feasible. Important insights were al-

ready obtained, mainly for the self-assembly 23, 26, 36, 68 and fusion 29, 30, 34, 37, 38, 69

of small vesicles. Structural aspects of vesicles remain largely unaddressed,

however. Previously, we studied structural properties of highly curved

(< 20 nm diameter) PC/PE (phosphatidylethanolamine) mixed vesicles

using a coarse-grained lipid model.23 A small difference in lipid compo-

sition between the inner and outer monolayer was found, with the inner

monolayer ±2% more populated with PE lipids than the outer mono-

layer. This observation is in line with the simple packing argument pre-

dicting that the innermonolayer prefers inverted-cone shaped lipids such

as PEs. However, the data set in this study was very small and still

within the range of a random distribution. Therefore, we extended this

study with a more statistical significant data set which we present in this

chapter. We consider three different systems: a pure DPPC liposome and
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two binary liposomes composed of DPPC:DPPE 1:1 and DPPC:DLiPC

(dilinoleyl-PC) 1:1. Thus both the effect of a variation in the headgroup

(PC versus PE) and a variation in the lipid tails (saturated palmitoyl ver-

sus poly-unsaturated linoleyl) were studied independently. Relative to

DPPC, DPPE and DLiPC are inverted cone shaped lipids characterized

by a negative spontaneous curvature. In addition, we included the effect

of temperature on the structural properties of the vesicles. Due to ther-

mal motion within the tails, the optimal packing of the lipids within the

monolayer and the distribution over the monolayers is expected to be

temperature dependent. Special care was taken to equilibrate the vesi-

cles. Right after their self-assembly, the vesicles were still unequilibrated

and under considerable tension. We used artificial pores to allow lipid

flip-flopping, required for the transmembrane composition of the vesi-

cles to relax. The relaxation process took several 100s of nanoseconds,

much longer than hitherto assumed.

The rest of this chapter is organized as follows. In the next section,

the simulation methodology is presented. The subsequent results and

discussion section are split into two parts, the first part describing the

(temperature-dependent) properties of pure DPPC liposomes, the second

part dealing with the mixed liposomes. In the appendix of this chapter,

we present a simple statistical model to describe transmembrane demix-

ing of two-component vesicles.

3.2 Methods

3.2.1 Simulation setup

CG-model: All simulations were performed using the MARTINI coarse

grained (CG)model, vesion 1.4. Each of the three lipids used in this study

(DPPC, DPPE, and DLiPC) are topologically identical in their CG repre-

sentation. They consist of twelve beads, two for the headgroup, two for
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the glycerol linkage, and four for each tail. Although atomic detail is

lost, the MARTINI model can still discriminate between lipids that differ

in the chemical nature of either the headgroup or the tail. To mimic the

strong hydrogen bond donor capabilities of the ethanolamine compared

to the choline moiety, a more polar CG particle type is used to represent

the ethanolamine group.55 With these parameters, the phase behavior of

PC/PE lipid mixtures can be remarkably well reproduced.70 The flexi-

ble character of the poly-unsaturated linoleyl tail, on the other hand, is

mimicked by the use of an appropriate set of angle potentials. These po-

tentials were optimised with respect to the behavior of poly-unsaturated

tails observed in atomistic simulations of Feller et al.71 From quantum

mechanical calculations these authors concluded that poly-unsaturated

chains show an unusually high degree of conformational flexibility com-

pared to mono-unsaturated or saturated chains. For further details con-

cerning the model we refer to chapter 6 of this thesis.

System details: We used the MFFA-boundary potential method pre-

sented in chapter 2. In our current set-up, the outer MFFA-boundary

shell had a radius of 12.5 nm in all simulations performed. Due to the

relative small internal volume of the liposomes of interest and therefore

negligible gain in computational efficiency an inner boundary was not

introduced.

All simulationswere performedwith amodified version of GROMACS-

3.3 57 in which the MFFA-boundary method was implemented. The time

step used in the simulation was 40 fs. Pressure and temperature were

coupled to an external bath using the Berendsen coupling method (τP=τT

= 1.0 ps−1, β = 5*10−5 bar−1).59 The time scales quoted in the remainder of

the manuscript are effective times, obtained by multiplication of the ac-

tual simulation time scale by a factor of four. This factor is based on the

speed-up of the self-diffusion of water and lateral diffusion rate of lipids



50 3. Curvature effects on lipid packing in liposomes

due to the neglect of atomic degrees of freedom.55 However, the same fac-

tor need not apply to the processes described in the current manuscript.

The time scales reported are therefore rather qualitative.

The systems studied are a pure DPPC liposome, amixed 1:1 DPPC:DPPE

liposome and a mixed 1:1 DPPC:DLiPC lipsome, all consisting of 2,528

lipids and 43,303 CG water beads (corresponding to more than 170,000

real water molecules). The 1:1 composition has the advantage that at the

start of the simulation the chance for a lipid to flip-flop from one to the

othermonolayer is equal for both species if the process would be random.

Any deviation from random behavior then immediately points to a lipid-

specific effect. To compare the structure of the liposomes with a normal

bilayer, simulations of bilayers containing 512 lipids at the same compo-

sitions were also simulated. To investigate the effect of temperature on

the liposomal membrane structure, we simulated each of the liposomes

and planar bilayers at three different temperatures of 290 K, 323 K and

360 K. Note that the temperatures of 290 K is well below the experimen-

tal liquid-crystalline to gel phase transition temperature (Tmain) for DPPC

(at 315 K) and DPPE (335 K). The CG model also shows gel phase forma-

tion, albeit at slightly lower temperatures [Tmain = 295 ± 5 K for DPPC 13

and Tmain = 315± 5 K for DPPE (Risselada, unpublishedwork)]. The poly-

unsaturatedDLiPC lipid remains fluid even at temperatures as low as 240

K. These values of the main transition temperature, experimental as well

as computational, refer to lamellar systems. Strong curvature is expected

to surpress the formation of a gel phase. Experimentally this effect has

been observed for DPPC vesicles for which the phase transition temper-

ature decreases with decreasing diameter of the vesicle.39, 40 For vesicles

with a diameter of ∼ 35 nm, the transition temperature decreased by ≈ 5

K. For the vesicles < 20 nm studied here, this effect is likely even larger,

and explains the presence of a fluid liquid-crystalline phase for all of the

liposomes studied. In fact, in a previous study from our group involving
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cooling of DPPCmembranes 13 it was shown that gel phase formation in a

DPPC vesicle requires a temperature drop to 265 K, well below the Tmain

of the lamellar phase, see also chapter 4 of this thesis. Furthermore, it

should be noted that CG models in general can not be expected to quan-

titatively reproduce the effect of temperature. Due to the very nature of

coarse graining, the lack of entropy arising from the atomic degrees of

freedom (especially from the solvent) is compensated with an effective

enthalpic term. Temperature dependent properties should therefore be

interpreted with care.

Equilibration procedure: Starting from a randomized distribution of lipids,

sealed vesicles typically form on a timescale < 10 ns, aided by the mold-

ing effect of the boundary potentials.72 Due to the fast formation process,

however, the transmonolayer lipid distribution is not equilbrated. This is

remedied with the introduction of artificial hydrophilic pores, which al-

low a metastable liposome to relax to its lowest thermodynamical state.72

Moreover, the flip-flop ratio between the twomonolayers provides a use-

ful criterion to determine the state of equilibrium of a given liposome.

Artificial hydrophilic pores are formed by the addition of a repulsive

harmonic potential (Kforce = 50 kJ mol−1nm−1) of cylindrical symmetry,

which only acts on the carbon tails of the lipids. The radius of this cylin-

drically shaped boundary potential was set to 1.5 nm, large enough for

the lipid head groups to line the pore forming a small water-filled trans-

membrane pore. As the length along the cylindrical boundary is ’infi-

nite’ (the system size), two pores occur in a liposome for each potential

applied. In the pure DPPC liposomes, one potential was introduced (see

figure 3.1). The cylindrical boundaries were present from the start of the

self-assembly process, and were removed from the system after 800 ns

allowing the membrane to seal.

Starting structures of themixed systemswere generated from the equi-
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librated DPPC liposomes (at the required temperature). To obtain the

mixed liposomes exactly 50% of randomly chosen lipids in both mono-

layers of theseDPPC liposomeswere converted into either DPPE or DLiPC.

Note that the alchemical transformation between the lipid species is triv-

ial, as the lipids are topologically identical in the CG model used. Af-

ter the conversion, three cylindrical boundary potentials were added to

the system, resulting in the formation of six artificial pores allowing the

mixed liposomes to equilibrate. For symmetry reasons the potentials

were located along the three geometrical axis (x,y,z-axis) of the system.

The larger number of pores in the mixed liposome was found to be re-

quired to equilibrate both the total transbilayer lipid distribution and

transversal demixing of the two components. Still time scales for equili-

bration of some of the mixed systems exceeded 1 µs (see Results section).

Each of the liposomal systems was simulated for another 20 ns after re-

moval of the cylindrical potentials and sealing of the membrane, in order

to collect data regarding the structural analysis.

3.2.2 Analysis

The thickness of the bilayer was calculated from the difference between

the average distance from all phosphate groups in the inner and outer

monolayer to the geometrical center of the liposome. The second-rank

order parameter P2 =< 1
2(3cos

2θ − 1) > was computed for consecutive

bonds with θ being the angle between the direction of the bond and the

vector connecting the center of the bond with the center of the liposome.

The area per lipid in a monolayer was defined based on the amount and

position of the phosphate groups in the monolayer. As the liposomes

were nearly spherical, the radius of the spherical shell in which the phos-

phate groups are located, Rav,mono, is defined as the average distance of

the phosphate-groups in the monolayer to the geometrical center. As the

spread in the distribution of distances was found to be relatively small for
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the phosphate-groups, within the approximation of a sphere the area of

this spherical shell is defined as A = 4πR2
av,mono. The amount of lipids in

a monolayer was determined using a criterion which includes the ’total’

average radius Rav of the liposome. The average radius Rav was defined

as the average distance of all phosphate groups (both inner and outer

monolayer) to the center of the liposome, defining a lipid being located

in the inner monolayer when the distance between the phosphate group

and the center of the liposome is smaller then the average radius, and

likewise a lipid being located in the outer monolayer when this distance

is bigger then the average radius. Finally, the area per lipid is given as the

area of the radial shell in which the phosphate groups are located divided

by the amount of phosphate groups in the monolayer. The composition

in a monolayer is given as the amount of lipids in a monolayer of a cer-

tain type divided by all the lipids in the monolayer. However, the precise

amount of lipids in the monolayer can not be defined as long as the pores

are present, therefore the presented numbers of lipid in the monolayer

and compositions during equilibration times are an estimate. The lipid

flip-flop rate was calculated by identifying the location in the membrane

of each lipid, i.e. inner versus outer monolayer, as a function time. To

correct for the fluctuations at the pore interface introduced by this dis-

tance based criterion, a buffer region of 4 nm radius located around the

center of the pore was defined. Only when a lipid was initially located in

the monolayer outside the buffer region and it later appears in the other

monolayer outside the buffer region it was counted as a flip-flop event.

3.3 Results and discussion

We will now describe and discuss our results, first those obtained for

pure DPPC liposomes followed by the results for the mixed liposomes.

For both systems we start with a description of the equilibration process

of the liposomes. Subsequently, the structural properties of the equili-
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Figure 3.1: Impression of the structure of highly curved liposomes. The left figure shows an

equilibrated DPPC/DLiPC 1:1 liposome after 400 ns of simulation at 360 K. A small cut in the

liposome is made to highlight the inner membrane structure. The right figure shows a close

up of the ’artificial’ pore in a pure DPPC vesicle allowing its equilibration at 323 K. The lipid

headgroups are located near the pore interface. In the back of the picture the second pore in the

liposome is shown. The headgroups are colored red, glycerols orange, DPPC carbon tails grey

and DLiPC carbon tails white. Water is not shown.

brated liposomes are characterized in detail, including their temperature

dependency. Table 3.1 gives an overview of the various properties of the

liposomes, together with results for a pure DPPC bilayer for comparison.

3.3.1 Pure DPPC liposomes

Lipid flip-flop required for liposome equilibration

Figure 3.2A shows the amount of DPPC lipids in the inner monolayer as

a function of time for the three temperatures.

After starting the simulations the DPPC lipids quickly self-assemble

into porated liposomes. The pores were kept open artificially by the pres-

ence of a cylindrical boundary potential as described in the Methodology

section. The liposomes are formed fast, aided by the molding effect of the

spherical boundary potential surrounding the system. Formation times
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Figure 3.2: (A) Equilibration of liposomes by pore-mediated lipid flip-flops. The graphs repre-

sent the amount of lipids in the inner monolayer of the liposome as a function of time, at three

different temperatures. The liposomes self-assemble in 10s of nanoseconds. It takes approxi-

mately 300 ns for the liposomes to fully equilibrate. Trend lines indicating the equilibrium com-

position are added at y=911 (290 K), y=934 (323 K), and y=958 (360 K). (B) Number of flip-flops

as a function of time in the pure DPPC liposome at 323 K. Due to the used analysis criterion (see

method section) the first flip-flops are detected after 200 ns. Solid lines represent the flip-flops

from outer monolayer to the inner monolayer and dashed lines the flip-flops from the inner to

the outer monolayer. Thick black lines represent the total amount of flip-flops in the liposome.

Thin black lines represent the flip-flop events through the upper and thin grey lines the flip-flop

events through the lower pore in the liposome. The thin black straight line indicates the average

constant flip-flop rate (0.2 ns−1).

are 80 ns, 40 ns and 25 ns at 290 K, 323 K and 360 K, respectively. In figure

3.2A the formation times are roughly corresponding to the time were the

initial steep behavior (0-80 ns) ends. The shorter formation times at el-

evated temperatures can be attributed to enhanced lipid diffusion rates.

Due to the fast kinetics of the self-assembly process, lipid monolayers

are not equilibrated after the formation of the liposome. Further equili-

bration is reached by lipid flip-flop through the pores. In figure 3.2A, a

clear change is seen to take place over the first 100s of nanoseconds, re-

sulting from a net movement of lipids from the outer toward the inner

monolayer. Although there might be still small systematic trends present

throughout the entire simulation time, equilibrium is roughly reached

after 200 - 300 ns in each of the systems. After the equilibration period,

flip-flops still occur (showing up as fluctuations in the graphs of figure
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3.2), but net transport of lipids is no longer taking place.

Figure 3.2B presents a more detailed analysis of the amount of pore-

mediated flip-flops in case of the DPPC liposome at T = 323 K. Flip-

flops are detected from t ≈ 200 ns, and separated between inner-to-outer

monolayer ’flips’ and outer-to-inner monolayer ’flops’. The flip-flops are

further distinguished with respect to the pore (upper or lower) through

which they pass, to get a feeling for the statistical significance of the

events. Based on the curves obtained for the two pores independently,

a spread of approximately 10 lipids over the whole trajectory reflects the

statistical uncertainty in the number of observed flip-flops. The overall

difference in the number of flip-flops between the flip and flop direction

is similar, hence can be attributed to the stochastic nature of the process.

The slope of the curve is proportional to the flip-flop rate. Although the

slope still seems to increase a bit during the 200 - 300 ns time period, a

constant value is reached for the remainder of the simulation. The esti-

mated flip-flop rate per pore Jf= 0.1± 0.01, 0.2± 0.02 and 0.4± 0.02 ns−1

at 290, 323 and 360 K respectively. The temperature effect can again be

explained from the increased diffusion rate of lipids at higher tempera-

tures. In addition, an increased temperature helps to overcome an ener-

getic barrier which might exist at the pore interface. The rates obtained

with our CGmodel are somewhat larger compared to pore-mediated flip-

flop rates observed in atomistic studies 36, 73, 74, ranging from 0.1 ns−1 to

0.02 ns−1 at 323 K. The obtained differences in flip-flop rate might be due

to differences in the nature of the pore (e.g. size) or due to approxima-

tions underlying the CG model.

Curvature induces membrane thinning and reduces thermal expansivity

Table 3.1 shows that the curvedmembrane of the liposome is thinner than

the non-curved planar membrane. The thickness of the liposomal mem-

brane is 94%, 96% and 99% of the thickness of the lamellar system, at 290

K, 323 K and 360 K, respectively. The relative difference in thickness is
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Table 3.1: Structural properties of the pure and mixed liposomes.

d(2) R(2) Nin Nout Nin/Nout In frac.1 A
(2)
in Aout Ain/Aout

(nm) (nm) (A2) (A2)

DPPC liposome:

290 K 4.17 7.92 910 1618 0.56 - 47.0 77.7 0.60

323 K 3.97 8.20 935 1593 0.57 - 51.9 81.8 0.63

360 K 3.83 8.54 958 1570 0.61 - 57.6 87.5 0.66

DPPC bilayer:

290 K 4.43 - 256 256 1 - 56.4 56.4 1

323 K 4.14 - 256 256 1 - 62.1 62.1 1

360 K 3.88 - 256 256 1 - 68.0 68.0 1

DPPE:DPPC

liposome:

290 K 4.19 7.70 936 1592 0.59 0.56 41.2 76.8 0.54

323 K 4.02 8.01 953 1575 0.61 0.59 45.8 82.1 0.56

360 K 3.93 8.27 978 1550 0.63 0.59 50.1 86.2 0.58

DLiPC:DPPC

liposome:

290 K 3.91 8.09 954 1574 0.61 0.51 48.6 81.6 0.60

323 K 3.74 8.46 971 1557 0.62 0.51 51.9 88.2 0.59

360 K 3.69 8.67 993 1535 0.65 0.52 57.6 92.0 0.63

1 The fraction of inverted cone shape lipids in the inner monolayer of the liposome.
2 The area per lipid (A), radius (R) and thickness (d) are based on the average position of all

phosphate groups in a monolayer. The radius is defined as the center between the radial

density peaks of the phosphates in both monolayers.

decreasing with increasing temperature. At least part of this effect is due

to the increasing overall radius of the liposome, reducing its curvature.

The bilayer thickness in the liposome increases from 3.83 nm at 360 K to

4.17 nm at 290 K, which is around 9 %. The lamellar bilayer thickness in-

creases over the same temperature range from 3.88 nm to 4.43 nm, around

14%. Therefore, the relative increase in membrane thickness due to the

decrease in temperature is significantly smaller in the curved membrane

than in the non-curved membrane. In other words, curvature induces

membrane thinning, and reduces the thermal expansivity. Likely these

two effects are related, as an already thinned membrane has fewer op-
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tions to further expand. Interestingly, the bilayer thinning we see here,

as well as in our previous study 23, contrasts experimental data which

suggest either no effect 67 or even an increasing bilayer thickness upon

increasing curvature.65, 66 However, the experiments probe vesicle sizes

exceeding 60 nm, whereas our simulated vesicles are 20 nm in diameter.

The size and hence curvature difference and/or the use of different lipids

could explain the difference in observed thinning behavior.

Inner monolayer condensed, outer monolayer expanded

Whereas in a lamellar system the two monolayers are indistinguishable,

at least for a one component bilayer, this is no longer the case in a lipo-

somal system. Table 3.1 shows that in the liposome the area per lipid in

the outer monolayer is larger than the area per lipid in the inner mono-

layer. In fact, the area per lipid of the outer liposomalmonolayer at 290 K,

77.7 Å2, is even much larger than the area per lipid of the normal bilayer

at 360 K, 68.0 Å2. The headgroups in the inner monolayer, on the other

hand, are packed at high temperature (360 K) similar to the headgroups

of a lamellar membrane in a supercooled state (55 Å2 at 283 K 13). The

area per lipid in the inner monolayer is resp. 60%, 63% and 66% of the

area per lipid of the outer monolayer at 290 K, 323 K and 360 K, showing

a decrease in the difference in area per lipid between the two monolay-

ers at increasing temperature. This trend seems related to the increase in

symmetry in monolayer population at increased temperatures. Table 3.1

shows that the amount of lipids in the inner monolayer and the amount

of lipids in the outer monolayer become more equal with increasing tem-

perature, implying that themonolayer becomesmore symmetrically pop-

ulated (Nin/Nout increasing). This effect could be due to two reasons: i)

At increasing temperature the radius of the liposome increases, therefore

the curvature difference between the two monolayers decreases and they

becomemore symmetrically populated, ii) At higher temperatures the ef-

fective volume of the tails increases due to the increased thermicmotions,



3.3. Results and discussion 59

making the lipids relatively more inverted cone shaped. Due to a more

efficient packing of inverted cone shaped lipids in the inner monolayer

(negative curvature), the lipids have a relative higher tendency to occupy

the inner monolayer. The packing subtleties are further discussed below.
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Figure 3.3: Distribution of components across the liposomal systems. The radial density of the

liposomemembrane at 360 K (black) and 290 K (grey) is shownwith respect to the center of mass

of the liposome (r=0). Thin solid lines are representing the phosphate headgroups, thick solid

lines the last tail beads (C4), dashed lines the carbon tails and dotted lines water. The carbon

tails are plotted separately for each monolayer.

Lipid packing in inner versus outer monolayer is very different

The radial density profile in figure 3.3 reveals that the density in the head-

group area is larger in the inner monolayer than in the outer monolayer

of the liposome. In contrast, the density of the carbon tails is larger in

the outer monolayer than in the inner monolayer. These two effects can

be explained by simple packing arguments, dictated by the constraints

posed by the liposomal geometry. The convex volume occupied by the

lipid tails in the outer monolayer forces them to pack closer, i.e. at higher
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density, compared with the tails in the inner monolayer that occupy a

concave volume element. On the other hand, the headgroups of the outer

monolayer have relatively more available packing space than the head-

groups of the inner monolayer, resulting in the opposite effect. From the

overlap of the water peak with the phosphate peak in figure 3.3, it is fur-

thermore concluded that the hydration level of the head-groups in the

outer monolayer is larger (full overlap) than the hydration level of the

head-groups in the inner monolayer (partly overlap). The large space

available to the lipid headgroups in the outer monolayer allows them

to be solvated completely, whereas the limited space in the inner mono-

layer causes dehydration. Interesting is also the distribution of the ends

of the lipid tails, showing a more narrow and symmetric peak for the in-

ner monolayer compared to the outer monolayer. The broad asymmetric

peak of the tail beads in the outer monolayer was previously 23 shown

to be caused by an increased ’back-folding’ behavior of the lipid tails to-

ward the center of the head group region. The backfolding of lipid tails

makes use of the relative low density headgroup region, thereby avoid-

ing the overly crowded bilayer center.

The effect of temperature on the radial density distribution can be as-

sessed by comparison of the profiles obtained at high temperature (360 K)

versus low temperature (290 K). Figure 3.3 shows a clear decrease in over-

all membrane density at increasing temperature, together with a shift of

the peaks reflecting the increased radius of the thermally expanded lipo-

some. The reduced hydration of the inner monolayer and the backfold-

ing of the outer monolayer tails aremore pronounced at low temperature,

presumably caused by the increase in curvature radius.

Figure 3.4 shows the P2 local order parameters for the DPPC lipo-

somes at the three different temperatures. From these data it can be con-

cluded that the tail bonds are more disordered in the inner membrane

leaflet compared to the outer leaflet. The bonds between the phosphate-
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Figure 3.4: Local order parameters (P2) in the liposomal DPPC membrane at three different

temperatures. Solid lines represent the outer monolayer, dashed lines represent the inner mono-

layer. Circles represent 290 K, squares 323 K, and diamonds 360 K.

group (PO4) and the first glycerol group (GLY1), however, show an in-

creased order. These findings corroborate the conclusions drawn above,

based on the radial density distribution. Tails are more ordered and thus

more tightly packed in the outer monolayer. Toward the head group re-

gion this trend is reversed. In line with expectations, at increasing tem-

perature the overall order in the tail region in both monolayers decreases.

The headgroup region shows less temperature dependency; the bond

vector between the choline group (NC3) and phosphate group (PO4) and

the bond vector between the two glycerol groups (GLY1 and GLY2) re-

main rather constant. Apparently, the tails of lipids have more internal

degrees of freedom to respond to curvature constraints and/or changes

in temperature.

3.3.2 Mixed liposomes

Lipid flip-flops induce transversal demixing in mixed liposomes

The mixed systems (DPPE/DPPC and DLiPC/DPPC) were generated

from the pure DPPC liposomes. Six artificial pores were added to allow
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for the subsequent transmonolayer equilibration process. In addition to

the total number of lipids in each monolayer, also the relative concentra-

tions of both lipid species in each of the two monolayers needs to equili-

brate. Figure 3.5 shows the ratio of the concentrations in the inner mono-

layer as a function of time. Starting from the initial unbiased 1:1 ratio

(i.e. equal concentrations of both lipids in each monolayer), the increase

of the relative concentration of the inverted cone shape lipids (DPPE

and DLiPC) in the inner monolayer is observed. This is true for each of

the three temperatures studied. The building up of concentration of in-

verted cone shape lipid in the inner monolayer is stronger for DPPE than

for DLiPC. Almost independent of temperature, the DPPE concentration

in the inner monolayers drifts towards 60%, while only around 51% is

reached for the poly-unsaturated lipid. In the case of DLiPC, this value is

already reached either during or right after the formation of the artificial

pores. The value of 51%, however, falls within the statistical spread ex-

pected for a binary mixture with no particular preference of either lipid

for any of the two monolayers (see appendix 3.4 for details). The upward

drift of the DPPE concentration in the inner monolayer shows signs of

saturation after around 1 µs of simulated time, although it can not be ex-

cluded that a systematic drift is still present at the end of the simulation.

The reason for the stronger transmonolayer demixing for DPPE versus

DLiPC becomes apparent when we discuss the lipid packing later on.

Mixed liposomes have a more symmetric transmonolayer distribution of the total

lipid amount

Structural properties of the mixed liposomes are given in table 3.1, in-

cluding the total numbers of lipids in the inner and outer monolayer as

well as the ratio between them, and the area/lipid in both inner and

outer monolayer. From these results it is concluded that the inverted

cone shape lipids enhance the symmetry in lipid population between

the monolayers. Overall, the monolayers are more equally populated by
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Figure 3.5: Enrichment of the inner monolayer by inverted-cone shaped lipids. The ratio of

DPPE (A) or DLiPC (B) in the inner versus the outer monolayer is plotted as a function of simu-

lation time. Results are shown for the three temperatures of study.

lipids for both of themixtures compared to the pure DPPC liposomes, at a

given temperature. The effect seems significantly stronger for the DLiPC

lipids than for DPPE. The latter observation can be explained by the

difference in size of the liposomes. The mixed DPPE/DPPC liposomes

are smaller than the mixed DLiPC/DPPC liposomes, their radii differ-

ing by ≈ 0.4 nm. The size difference, in turn, is explained by the relative

small area per lipid adopted by PE lipids versus the poly-unsaturated PC
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lipids. The size of the DPPC liposomes is in between. Yet the asymme-

try in the population numbers is largest in this case. The reason for this

additional effect can be found in the transversal demixing observed in

the mixed systems. As the inner monolayer favors inverted-cone shaped

lipids, the fraction of DPPE or DLiPC lipids is enhanced in the inner

monolayer, leading to a more symmetric overall lipid distribution. Es-

pecially for DPPE this effect is apparently strong enough to overcompen-

sate for the size effect. Somewhat surprisingly the extent of demixing

appears rather insensitive to the temperature. This observation leads us

to conclude that the overall effective shape of the lipids, which governs

their ability to pack inside curved membranes, remains more or less the

same over the temperature range studied.

Lipid packing in mixed liposomes: competition between shape and flexibility

Analogous to our analysis of the packing of the lipids in pure DPPC lipo-

somes, for the mixed systems we also calculated both the order parame-

ter profiles and the density distribution functions. Figure 3.6 shows the

P2 order parameters of the mixed liposomes in comparison with a pure

DPPC liposome. The general difference in order parameters observed

between the inner and outer monolayer, most notably the larger disorder

of the lipids tails in the inner monolayer (i.e. lower order parameters), is

also present in the mixed systems. The differences between the lipid or-

der in the pure and mixed liposomes are mostly subtle. In fact the DPPC

lipids show quantitative very similar profiles regardless of the overall

composition. The effect of the unsaturated bonds in DLiPC (Figure 3.6B)

shows up in the decreased order of the tail bond vectors.

Figure 3.7 shows the radially averaged density profiles of the liposo-

mal membrane, for both mixed liposomes. The figure reveals an asym-

metric distribution in overall density between the bulk peak of DPPC and

DPPE, and to a lesser extent between DPPC and DLiPC, arising from the

transversal demixing between the two monolayers. In order to compare
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Figure 3.6: Order parameters (P2) of the equilibrated mixed liposomes in comparison with a

pure DPPC liposome. Panel (A) shows results for the DPPE/DPPC liposome, panel (B) for the

DLiPC/DPPC liposome, both at 323 K. Solid lines are representing the outer monolayer, dashed

lines the inner monolayer. Circles denote the DPPC lipids, squares either DPPE or DLiPC. The

grey lines are representing the order parameters of the pure DPPC liposome at the same tem-

perature.

the relative packing of the lipids, the separated profiles for the lipid head

group, tails and terminal tail group were normalized with respect to the

monolayer concentration of each lipid species. For both the DPPC/DPPE
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Figure 3.7: Radial density profile of the liposome membrane for both mixed liposomes. The

radius is calculated with respect to the center of mass of the liposome. (A) DPPC:DPPE lipo-

some and (B) DPPC:DLiPC liposome, both at 323 K. Grey colors represent DPPC. Black colors

represent either DPPE or DLiPC. Thin solid lines represent the phosphate head groups, thick

solid lines the last tail beads (C4-group), dotted lines water, dotted-dashed lines the carbon tails

and long dashed lines the total contribution for each lipid component. In order to compare

the relative densities, the phosphate groups, C4-groups and the carbon tails are independently

normalized relative to the population of the lipid type in each monolayer.

and the DPPC/DLiPC system, almost no difference is observed between

the relative densities of the sub-components of both lipids in the respec-

tive monolayers. This is in agreement with the lack of a large effect on the

order parameter profiles as discussed before. To a first approximation,
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both lipids are packed in a similar way. However, on closer view, some

subtleties can be discerned that are of importance. Comparing the pro-

files for DPPC and DPPE (Figure 3.7A), it appears that the PC lipids are

shifted a little more toward the bilayer interfaces, whereas the PE lipids

sample more of the interior space. We understand this effect as arising

from the larger tendency of PC lipids to be hydrated in comparison to

the PE lipids which form intra-lipid hydrogen bonds more easily. (Note:

although the CG model used here does not consider explicit hydrogen

bonds, the average effect of hydrogen bonding is taken into account).

This explanation is supported by other studies concerning atomistically

detailed simulations of mixed PE:PC bilayers.75, 76

In the mixture of DPPC/DLiPC (figure 3.7B) the relative density of

the headgroups is almost identical, as is the chemical structure of their

head groups. Here a small but significant difference is seen in the density

profile of the tails. In comparison to DPPC, the tail profiles for DLiPC

are shifted toward the exterior of the liposome. Whereas in the case of

the DPPC/DPPE liposome the shift of the profiles is symmetric with re-

spect to the membrane center, for DPPC/DLiPC the shift is asymmetric.

These results can be explained as follows. In the outer monolayer, back-

folding of the lipid tails is advantageous as it releases the packing stress

near the bilayer center. Poly-unsaturated chains are much more flexible

compared to saturated chains, and are therefore more amenable to back-

folding. This shows up most clearly in the profiles of the terminal tail

group, which is broadened toward the interface in case of DLiPC. The

back-folding ability of poly-unsaturated lipids is also seen in atomistic

simulations.77 In fact, the CG model for the poly-unsaturated chains has

been parameterized based on these simulations, as described in.78 In the

inner monolayer, back-folding is not required as it would only increase

the density at the already crowded interface. Here the DPPC density near

the interface is somewhat larger due to the fact that the saturated lipids



68 3. Curvature effects on lipid packing in liposomes

are effectively longer (i.e. less disordered tails), causing them to stick out

of the interface. As a consequence of the more ordered conformation of

the saturated lipids and the back-folding of the poly-unsaturated lipids

in the outer monolayer, an increased density of DPPC in the membrane

interior is also noticeable.

The subtle packing details of the poly-unsaturated tails may also ex-

plain why the expected enrichment of DLiPC in the inner monolayer is

so minor (51% as opposed to almost 60% for DPPE). Based on the shape

model only, the inner monolayer should be clearly favored for accommo-

dating the inverted-cone shaped DLiPC lipid. The back-folding ability of

DLiPC actually provides a counter-acting driving force for the lipid to re-

side in the outer monolayer. Given the close to even distribution of DPPC

and DLiPC in each of the two monolayers, the two opposing forces seem

more or less equal. Our observation of this remarkable feature adds an-

other possible role of poly-unsaturated lipids in biological membranes.

In addition to its claimed role in stabilizing membrane proteins 79, 80, the

formation of fluid, cholesterol depleted domains 81, 82, and the ability to

trigger membrane fusion 83, 84, we speculate that poly-unsaturated lipids

may be used for their ability to stabilize both negative and positive re-

gions of curvature. In summary, figure 3.8 shows a schematic picture of

the packing of the different lipid components in curved bilayers, based

on the results presented in the current manuscript. Packing of lipids in

small liposomes can not solely be described by a static shape concept, but

also requires the flexibility of the lipids to alter their shape to be taken

into account.
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Figure 3.8: Schematic drawing of the molecular packing of lipids in small mixed liposomes.

The blue lines represent the position of the water/lipid interface (solid) and geometrical bi-

layer center (dashed). The average volume element occupied in either monolayer (concave -

inner monolayer, convex - outer monolayer) is shown in red. Dark blue circles represent wa-

ter, green circles the DPPC headgroups, gold circles the DPPE headgroups, and brown circles

the DLiPC headgroups. The following features are visualized: i) The headgroups in the outer

monolayer are more hydrated than the headgroups in the inner monolayer; ii) PE headgroups

are located more closely toward the center of the membrane and are therefore less hydrated

than the PC headgroups; iii) In the inner monolayer the tails are more disordered; iv) The inner

monolayer is enriched in DPPE lipids which dehydrate more easily in response to the smaller

volume available at the water/lipid interface; v) In the outer monolayer all lipid types show

either increased back-folding of the tails or penetration beyond the bilayer center; vi) The poly-

unsaturated tails of DLiPC show more frequent back-folding than the tails of the other lipid

components; vii) DLiPC does not have a strong affinity for either monolayer, because although

DLiPC is an inverted-cone shaped lipid, the back-folding of the tails counteracts the packing

constraints caused by the bulkiness of the poly-unsaturated tails.
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3.4 Appendix: Statistical model

If one considers an ensemble of equilibrated binary mixed liposomes,

what would be the statistical distribution of the two lipid components

in both inner and outer monolayer ? To get insight in the statistical prop-

erties of such an ensemble, a simple statistical approach is presented here.

Let N be the total number of lipids in the liposome. Now NA is the num-

ber of lipids of type A (cone shaped) and NB of type B (inverted cone

shaped). For simplicity we consider a constant number of lipids in the in-

ner and outer monolayer such that NA
in + NB

in = Nin and NA
out + NB

out = Nout

with Nin ≤Nout. The ratio Nin : Nout represents the curvature in a bilayer.

The relative preference for lipids of type A to be in the outer monolayer

is denoted pex; The preference for the inner monolayer is then given by 1

- pex. Similarly, for the lipid of type B the probabilities are 1 - pex and pex

for the outer and inner monolayer respectively. For pex = 0.5 both lipids

are of the same type. Starting from a random distribution of type A and

B lipids over both monolayers, lipids are randomly selected to undergo

exchange events. Weighted according to the monolayer preferences (pex

or 1 - pex), a lipid is exchanged with a lipid from the opposing monolayer.

In practice this requires a limited amount of numerical iterations to reach

equilibrium conditions. Equilibrium is reached when the intrinsic prob-

ability to exchange a certain lipid type is counteracted by the probability

to select this lipid type. Using this simple statistical analysis, the effect of

curvature on the distribution of lipids can be evaluated.

Figure 3.9 shows probability distributions of the composition (num-

ber) of inverted cone shaped lipidswhich can be found in the innermono-

layer of a liposome under various conditions. It becomes clear that the

effect of transversal demixing (pex > 0.5) itself only affects the position of

the distribution and not the width of the distribution. On the other hand,

asymmetry (Nin : Nout) only influences the width of the distribution and
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not the position of themedian. Furthermore, the width of the distribution

in a binary mixture is also dependent on the composition. The distribu-

tion shows a maximal width for a symmetric 1:1 inverted cone shaped

: cone shaped lipid mixture. Purely on statistical bases the probability

distribution of the number of inverted cone shaped lipids present in the

inner leaflet of liposomes is expected to show broadening with increased

liposome curvature. For a 1:1 binarymixed symmetric bilayer (1256:1256)

amonolayer composition between 0.490 and 0.510 (σ = 0.010) of one lipid

type lies still within the standard deviation σ of a random distribution.

For a typical 1:1 binary mixed liposomes (940:1588) used in this study,

these values are between 0.487 and 0.513 (σ = 0.013). This implies that

insights in the effect of transversal demixing from an ensemble of small

spontaneously formed liposomes would require a larger statistical data

set especially when the effect is small. The demixing seen in our simu-

lations for DPPC/DPPE is statistically significant, the demixing seen for

DPPC/DLiPC falls within the limits of random mixing.
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Figure 3.9: Probability distributions of the composition (number) of inverted cone shaped lipids

found in the inner monolayer of liposomes. The solid line represents a random (pex = 0.5) lipid

distribution of a 1:1 (overall composition)inverted cone shaped : cone shaped lipid mixture

in a normal symmetric bilayer. The dotted line represents a random lipid distribution for the

same mixture in a curved bilayer. The long dashed line represents a non-random (pex 6= 0.5)

lipid distribution for the same mixture in a curved bilayer. The dotted-dashed line represents

a random lipid distribution for an asymmetric overall membrane composition (e.g 1:2 inverted

cone shaped : cone shaped lipid mixture) in a normal symmetric bilayer. The distribution is

shifted to compare the difference with a distribution of a 1:1 inverted cone shaped : cone shaped

lipid mixture.



Chapter 4

Effect of area- and curvature constraints on gel
phase formation in DPPC membranes

H. Jelger Risselada and Siewert J. Marrink

To be submitted

Lipids in the gel phase form highly ordered and close packed struc-

tures. At the limit of highmembrane curvature, as in small lipid lipo-

somes, the two monolayer leaflets are asymmetric, possessing either con-

cave or convex curvature. The occurrence of gel domains in the strongly

curved bilayer seems therefore almost paradoxical and would require

large structural reorganizations. 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 this work we will focus on the kinetic and

structural aspects of gel domain formation in small lipid vesicles using

molecular dynamic simulations. We used the MARTINI coarse grained

model to simulate pure DPPC vesicles at a near-atomic level with a size

range of 20, 30 and 40 nm. We observed that cooling of vesicles below the

phase transition temperature does not result in gel formation within ac-

cessible simulation timescales, which we contribute to the presence of an

area constraint. This area constraint is due to the strongly reduced mem-

brane permeability at lower temperatures. To selectively study the effect

of such area constraint on the liquid-gel phase transition, we also per-

formed simulations of non-curved bilayers at a constant area per lipid. To

circumvent the effective area constraint of the liposomes, we introduced
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artificial pores in the membrane. These hydrophilic pores did indeed

result in the formation of gel domains in the liposome when cooled be-

low phase transition. We identified several distinguishable stages which

occur during the fluid-gel phase transition in the liposome and which fi-

nally result in strongly deformed frozen liposomes. We have been able to

shed some light on the hierarchies of kinetic barriers and the structural

reorganization which a small liposome needs to face when undergoing

the liquid-gel phase transition.

4.1 Introduction

Liposomes, i.e. tiny lipid vesicles, play an important role in many biolog-

ical processes such as membrane fusion/fission and transport. They are

also widely used in biotechnological applications e.g. for drug delivery.

In studies of biophysical model membranes liposomes are often used to

mimic cells. Small liposomes have many fascinating characteristics lack-

ing in lamellar membranes and are an ideal tool to reveal curvature ef-

fects in lipid membranes.

Obviously, the curvature of the liposomal membrane affects its prop-

erties compared to the lamellar state, and the properties become curva-

ture dependent. For instance, the main phase transition temperature Tm

is found to decrease gradually with decreasing vesicle size for vesicles

smaller than± 70 nm in diameter.39, 40 Especially in the limit of high curva-

ture (small vesicles) the formation of gel domains is strongly suppressed,

which is directly related to the strong increase in bending modulus of

gel membranes with respect to membranes in a liquid-crystalline state.

In some cases, this may cause freeze induced fusion or rupture of small

vesicles.85 The cooling of vesicles is furthermore subject to a number of

additional kinetic effects which are not present in lamellar systems, such

as the efflux of interior water and the redistribution of lipids between the

inner and outer monolayer.
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Very little is in fact known about the mechanisms of gel domain for-

mation in vesicles at a molecular level of detail. Particle based simu-

lation models offer a useful tool to provide this information. At pres-

ence, lipid phase transitions have already been computationally studied

extensively at molecular or even atomistic detail in planar model mem-

brane patches.13, 86–88 Simulations studies of lipid vesicles are also increas-

ingly reported, mainly based on coarse grained models.23, 30, 34, 37 Only a

few computational studies concerning lipid liposomes and phase transi-

tions have been reported.35, 41 These studies were based on very simplified

membrane models, lacking chemical detail.

Here, we focus on a realistic description of the phase transition of

a small liposome consisting of DPPC (dipalmitoylphosphatidylcholine)

lipids. We explore the energetic barriers which play a role in the phase

transition of pure DPPC vesicles at the limit of high curvature. We use

the Martini coarse grained force field, which has been extensively opti-

mized to reproduce lipid bilayer properties.55, 56 This work is divided in

three parts. In the first part, we consider vesicles that are instantaneously

cooled below Tm. We analyze the induced stress in the liposomal mem-

brane using our recently developed method to calculate the 3D pressure

field across the system.62 The kinetic barriers for lipid flip-flop and sol-

vent exchange prevent these vesicles to form gel domains on the time

scale of our simulations. In the second section of this work, we inves-

tigate the general effects of area constraints and lipid asymmetry on the

formation of gel domains in lamellar systems, i.e. in the absence of curva-

ture. In the last section of this work, wemimic the slow, near-equilibrium,

cooling of the vesicles. This is achieved by incorporating artificial pores

which allow both lipid flip-flops and solvent exchange. The formation of

gel domains is now observed, and described in detail. Before the results

are presented and discussed, we describe the methodology used in this

work.
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4.2 Methods

4.2.1 System details

TheMARTINI coarse grained force field: All simulationswere performed us-

ing the MARTINI coarse grained (CG) model version 1.4. Details about

the Martini force field and the standard simulation procedure can be

found in chapter 6. The Martini force field is able to reproduce several

thermodynamic properties at a semi-quantitative level13, 89 including the

phase transition from the liquid-crystalline to the gel state. For the CG

martini force field the DPPC phase transition temperature Tm is 295 ± 5

K 13, slightly below the experimental value (315 K). As the CG model has

been parametrized mainly on thermodynamic equilibrium states, ener-

getic barriers separating those states may not be quantitatively accurate,

with an exponential effect on the kinetics. Hence, the time scale of the

processes described in this paper need to be interpreted with care.

Setup and equilibration of vesicular systems: Vesicles of three different

sizes were studied, 20, 30, and 40 nm diameter, consisting of 2528, 5915

and 10529 DPPC lipids respectively. All vesicles were formed by sponta-

neous aggregation at 323 K, using the MFFA boundary approach earlier

introduced in chapter 2. In here, the liposome is embedded in a spherical

shell consisting of explicit solvent. Excess solvent is efficiently replaced

by the action of the MFFA boundary, leading to an obvious computa-

tional advantage. Importantly, the MFFA boundary also helps to form

liposomes of a desired size from spontaneous aggregation on very short

timescales. To equilibrate the vesicles we introduced cylindrical bound-

ary potentials with a radius of 1.5-4.0 nm, depending on the size of the

vesicle. These boundary potentials induce toroidal pores in the liposomal

membrane, which allow both the internal solvent (pressure difference)

and the population of lipids over the monolayers to equilibrate. Vesicles

were defined being equilibrated when no net drift in lipid flip-flops and
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water flux occurred anymore. For the biggest vesicle used in this study

(40 nm diameter) we created an additional setup using an internal MFFA

cavity of 10 nm radius, which we coupled to a Langevin piston (cf. sec-

tion 4.2.2) to accelarate equilibration of the pressure difference between

the internal and the surrounding solvent. Table 4.1 shows the different

system setups used in this study.

Quenching of vesicles: After the equilibration of the vesicles at 323 K,

a temperature high enough to ensure the DPPC lipids are in the liquid-

crystalline state, two sets of cooling simulations were performed. In the

first set, the cylindrical potentials were removed and the liposomal ma-

trix allowed to seal, after which the vesicles were instantaneously cooled

to a temperature of 273 K, well below Tm. During the subsequent sim-

ulations of 0.2 - 1 µs, no gel formation was observed in this series of

simulations, which we attributed to the non-equilibrium nature of the

instantaneous cooling process as will be discussed in the results section.

To allow the vesicles to equilibrate at the lowered temperature, a second

set of simulations was performed. Here, the artificial pores used for the

equilibration of the vesicles were retained during the subsequent simula-

tion of 0.2 - 1.5 µs at 273 K.

Bilayer simulations: In order to compare the effects observed for the

vesicular systems, a number of bilayer systems consisting of 512 lipids

were also simulated for 400 ns in the NAPzT ensemble, with the area

ranging from 0.46 to 1.0 nm2 per lipid. Starting structures for these sim-

ulations were generated from an initially equilibrated bilayer at 323 K,

which was quenched to 273 K under constant surface tension, allowing

the area/lipid to adjust. Configurations of this simulation with a specific

area per lipid, were used as the initial condition of a new simulation but

now under a constant area constraint. The temperature was set to 273

K, the reference pressure (Pz-component) to 1 bar. In addition, a series of
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asymmetric bilayers were prepared by systematic removal of a number of

lipids from one of the twomonolayers. These systems were subsequently

simulated at 273 Kwith coupling to equal lateral and perpendicular pres-

sures of 1 bar corresponding to a tension-less state.

Simulation parameters: An integration time step of 40 fs was used, cor-

responding to an effective time of 160 fs (cf. chapter 6). Temperature of

both the vesicular and bilayer systems were coupled to the Berendsen

thermostat using τt = 1.0, with separate scaling of lipids and water. Pres-

sure in the bilayer system was controlled using the Berendsen barostat
59, with τp = 1.0 and a compressibility of 5 x 105 bar−1. For the pressure

control in the vesicular systems we used a Langevin piston method as

described in section 4.2.2. The software used to perform the simulations

is Gromacs version 3.3.1 57 modified to include both the MFFA-boundary

and the Langevin piston method.
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Table 4.1: Overview of vesicle simulations.
Vesicle Rin Rout # DPPC # W (CG) Time2,3

diameter (nm) (nm) (nm) (ns)

20 0 15.0 2528 84220 1600

30 0 20.0 5915 200844 800

40 0 23.0 10529 288184 300

40(1) 10 22.5 10529 243329 800

1 The 40 nm vesicle with an internal cavity (see text for details).
2 Simulations concerning the fluid-gel phase transition in the membrane were performed in

duplo both with and without the use of artificial pores.
3 Equilibration times were resp. 400 ns (2 pores of 1.5 nm radius), 200 ns (6 pores of 3.5 nm

radius), 240 ns (6 pores of 3.5 nm radius) for the 20, 30 and 40 nm vesicle.

4.2.2 Langevin piston method

Different from a normal planar bilayer under periodic boundary condi-

tions, the pressure inside and outside the vesicle can differ. In the defi-

nition of pressure coming from the internal virial of the system, the av-

erage pressure over the whole system is derived. Therefore problems in

the interpretation and coupling to an average pressure will arise when a

net pressure difference between the region inside and outside the vesi-

cles occurs, especially when the vesicle is of similar length scale as the

simulation box. Such pressure differences will occur under conditions of

osmotic shock or sudden changes in temperature. Ideally, only the sur-

roundings of the vesicle remain coupled to atmospheric conditions while

the interior of the vesicle is not affected by the coupling. Such coupling

schemes would require a local definition and coupling of pressure. The

most straightforward solution is to use the Langevin piston method 71 to

couple the position of the MFFA-boundary to the equations of motion:

ρbAb
dv

dt
= Fb −

Pref

Ab
− γv + R(t) (4.1)
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Here, ρb is the surface density of the boundary (themass per unit area),

Ab is the area of the boundary surface, v is the velocity of the boundary, Fb

is the force on the boundary coming from the particles, Pref is the chosen

reference pressure, γ is the friction coefficient, and R(t) is a white noise

random force. By definition γ and R(t) are related by the fluctuation dis-

sipation theorem. The application of such coupling scheme under mean

field boundary conditions has already been successfully demonstrated

previously by Heller et al.53 However, in the case of a non-periodic sys-

tem the reference pressure Pref does not equal the interior pressure Pint.

According to the Laplace law the interior pressure will be altered by a

pressure difference ∆P due to a non-vanishing surface tension σ between

the (α) solvent- and (β) boundary interface,

Pint − Pref = ∆Pα,β = 2σ/Rs (4.2)

with Rs denoting the so called radius of tension. This surface tension,

however, is not apriori known. In practice, we calibrated the reference

pressure based on pure solvent systems embedded in a MFFA potential

matching the size of the vesicles. The reference pressure was optimized

to give a desired internal pressures of 1 bar, compensating ∆Pα,β in the

reference pressure itself. Using our recently developed 3D pressure field

method 62 as a post analysis tool on the simulation trajectory, we were

able to measure the internal pressure in the system independently. The

reference pressures for the three different vesicle sizes were found to be

29.5, 22.0, 21.5 bar for the 15, 20 and 23 nm radius vesicles respectively.

For the same systems at 273 K these values were found to be slightly

lower, 19.0 16.0 and 16.0 bar respectively. A friction coefficient γ of 60

ps−1 and a surface density ρb of 0.26 u/nm2 were found to result in the

most effective damping of pressure fluctuations, and were used in all

simulations.
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4.2.3 Analysis details

Definition of gel phase: To provide a quantitative estimate of the fraction of

the gel phase in the membranes, we used a simple distance based cluster

algorithm on the second tail bead of DPPC (C2). In this definition each el-

ement belongs to a certain cluster when the distance to any element in the

cluster is smaller than Dcut. We found that the ideal cutoff distance Dcut

for the cluster algorithm is 0.543 nm in the planar membrane and 0.570

nm in the vesicle. Using this definition, fluid and gel clusters are easily

identified. In the planar membrane, the biggest cluster corresponds to

the gel domain (only one gel domain per monolayer is formed in the bi-

layer simulations), whereas in the vesicular membrane the gel domains

are characterized by the set of clusters consisting of more than 10 lipids.

Solvent and lipid exchange: The number of solvent beads in the vesicle

was defined as the number of solvent beads that are located within the

average vesicle radius. This average radius was determined by the aver-

age distance of all lipid beads in the membrane to the geometrical cen-

ter of the vesicle. This result, however, becomes more qualitative when

strong shape deformations occur. A more quantitative estimate was ob-

tained by the use of a distance based cluster algorithm on all internal

solvent beads using a cutoff of 0.8 nm. This method is only applied to

sealed vesicles, i.e. in the absence of pores. The amount of lipid flip-flops

was calculated by identifying the location in the membrane of each lipid,

i.e. inner versus outer monolayer, as a function time. To prevent artifacts

due to shape deformations, lipids were assigned to a certain monolayer

by use of a distance based cluster algorithm (as previously described) on

the glycerol-groups of the lipids using a cutoff criterion of 1.5 nm. All

lipids within a buffer region of 4 nm radius located around the center of

the artificial pores were excluded from the clustering. Using this defini-

tion exactly two clusters are defined representing the two monolayers.

Only when a lipid was initially located in one monolayer and it later ap-
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peared in the other monolayer, a flip-flop event was counted. Due to the

existence of a buffer regime at the pore interface which the lipids need to

pass, the initial detection of flip-flop requires a certain lag-time.

Vesicle shape: To quantify the shape of the vesicle a quantity Ad called

asphericity is used. Mathematically it is defined by:

Ad =

∑
i>j

〈
(λi − λj)

2
〉

2
〈
(
∑3

i=1 λi)2
〉 (4.3)

and it has zero as a lower bound for a spherical object. Here λ1,λ2, and

λ3, are the principal radii of gyration, given by the eigenvalues of the ra-

dius of gyration tensor.

Calculation of surface tension: The surface tension in the curved vesicu-

lar membrane σ is computed using the mechanical approach reported by

Thompson et al. 90,

σ =

[
−

(Pout − Pin)
2

8

∫ ∞

0

r3dPN(r)

dr
dr

]1/3

(4.4)

where Pout − Pin is the pressure difference over the vesicle membrane,

r is the distance to the center of the vesicle and dPN (r)
dr the first derivative

of the local normal pressure component with respect to the distance from

the center.

4.3 Results

4.3.1 Quenching vesicles below Tm

In this section we study the effect on vesicles of a sudden temperature

quench from T = 323 K to T = 273 K, corresponding to a quench from the

liquid-crystalline phase to the gel phase in the case of lamellar DPPC. The
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vesicles were allowed to fully equilibrate at the higher temperature, mak-

ing use of artificial pores which were removed before the actual quench-

ing to the lower temperature. Based on the detailed visualisation of the

biggest domains found with the cluster algorithm, none of the vesicles,

varying in diameter of 20, 30, and 40 nm, showed any gel formation over

the entire simulation time (up to 2 µs for the smallest). We will argue

below that this is likely a kinetic effect, and show in detail the stress de-

veloping inside the quenched vesicles in their meta-stable fluid state.

Rapid cooling imposes area constraint

Figure 4.1 shows the flux of solvent through the membrane of a 20 nm

DPPC vesicle over a 100 ns time period, both before and after cooling the

vesicle from 323 K to 273 K.
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Figure 4.1: The internal amount of CG water beads in a DPPC vesicle of 20 nm as a function of

time at 273 K and 323 K. One CG bead represents 4 atomistic water molecules.

Over a time scale of 100 ns 15 flux events are observed at 323 K. Con-

sidering the large amount of internal solvent beads (7115), flux events are

rare. Eventhough the cooling of the vesicle causes an increased pressure

gradient between the interior and exterior solvent (see below), a dras-

tic decrease in water flux is observed when cooling the vesicle to 273 K.
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Not more than a handful of water molecules are observed to cross the

membrane during the entire 2 µs simulation. Since water is also not very

compressible (for a temperature decrease from 323 K to 273 K the density

of the CG water decreases with 4% in the CG-model; for real water this

is around 1%), in practice this means that an area constraint is applied

to the vesicular membrane. This effective area constraint is anticipated

to be the reason for the stability of the fluid phase. The average area per

lipid based on the C2 tail bead is 0.689 and 0.603 nm2 for the inner- and

outer monolayer respectively, a decrease of only 3.4% and 2.6% compared

to the area/lipid of 0.707 and 0.624 nm2 at 323 K. The question remains

why the permeability of the membrane decreases so much. Previously

we have shown that the water permeability coefficient of a DPPC vesicle

at 323 K is of the order of 10−3 cm s−1 23, in agreement with experimen-

tal measurements.91, 92 Experimental measurements also show a large de-

crease of the water permeability for vesicles below Tm. Cooling of DPPC

membranes from 10 degrees above Tm to 10 degrees below Tm the per-

meability is observed to decrease by a factor of 100 91, which is usually at-

tributed to the increased packing of the lipid tails in the gel phase. How-

ever, in our simulations the vesicles are still in a fluid phase. There are

several factors that might contribute to the reduced permeability of this

meta-stable fluid phase. First, the area per lipid has decreased slightly,

allowed for by the small but non-zero water compressibility. Second, as-

suming an Arrhenius dependence of the permeation rate, the tempera-

ture difference reduces the rate by a factor of approximately five. Third,

the activation energy for the permeation process, which has been found

to be dependent on the dissolvation energy of water in the membrane

interior 93, might be temperature dependent. Based on temperature de-

pendent data 94 for water solubility in apolar solvents one expects a sub-

stantial increase in the activation barrier. Taken together, these factors

can easily account for the low permeation rate of the supercooled vesi-

cles, putting the membrane under stress and preventing the formation of
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gel domains. Before testing this hypothesis by looking at gel formation

in planar bilayers under stress, first we analyze the stress distribution of

the vesicles in more detail.

Stress distribution for a liposomal membrane is different from the lamellar case

In figure 4.2 we compare the local pressure distribution for the 20 nm

vesicle to that of a lamellar bilayer. Figure 4.2 clearly demonstrates that

the distribution of local pressure over the bilayer differs between a planar

and a curved bilayer. There are three main differences between the local

pressure profile of the planar bilayer and the profile of the vesicle:

(1) The profiles of the planar bilayer are symmetric around the mem-

brane center, while the profiles of the vesicle are asymmetric around its

center. Due to bending, the peaks are more negative in the head group

region of the outer monolayer than in the inner monolayer of the vesicle.

This means that the outer monolayer has more tendency to contract than

the inner monolayer. In case the membrane would be allowed to deform

freely this difference would result in the stretching of the membrane (re-

lease of curvature strain).

(2) The normal component of the local pressure (hydrostatic pressure)

is uniform through the planar bilayer, while it is non-uniform across the

vesicle. The shape of the normal component (radial) is similar to the

shape of the lateral component (angular), but its magnitude is on aver-

age a factor of two smaller. This difference has to do with the fact that the

lipids havemore degrees of freedom to distribute stress in a curvedmem-

brane compared to a planar membrane. There are two different ’princi-

pal’ mechanisms for the lipids to respond to curvature: Either the lipids

tilt with respect to each other or the lipids shift with respect to each other.

The competition between these two degrees of freedom allows the stress

to distribute over both pressure components, resulting in lower pressure
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Figure 4.2: The individual components of the pressure (lateral and normal) and the overall

profile (lateral minus normal) as a function of position in the bilayer. The two negative peaks

represent the headgroup region while the big positive peak represent the tail region. (A) Pres-

sure distribution in a planar DPPC bilayer at 323 K. The bilayer is centered around the origin.

(B) Pressure distribution in a 20 nm DPPC vesicle, at 323 K. The center of the vesicle bilayer is

located at a radius of 8 nm. (C) Comparison between the overall local pressure profile of the

planar bilayer and the vesicle (shifted with the central peak to the origin).
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Table 4.2: Properties of vesicles obtained from the pressure distribution.

Vesicle R323K
1 R273K

1 ∆P323K
2 ∆P273K

2 σ323K
3 σ273K

3

diameter (nm) (nm) (nm) (bar) (bar) (mN/m) (mN/m)

20 8.0 7.8 8 ± 5 85 ± 5 4.3 ± 2 29.9 ± 12

30 12.3 12.2 19 ± 5 70 ± 5 13.0 ± 5 38.7 ± 16

40 16.6 16.3 22 ± 5 60 ± 5 14.3 ± 6 44.2 ± 18

1 The radius is defined as the center of the positive peak of the carbon tails in the pressure

profile.
2 Calculated as the difference in the pressure between the inside and outside the vesicle.
3 The tensions were calculated using equation 4.4, the error of this method was estimated to be

within 40%.

differences.

(3) Themagnitudes of all peaks in the pressure profiles are lower (about

two to three times) for the vesicle than for the planar bilayer. In fact this

observation is the direct result of the contribution of the normal compo-

nent of the local pressure profile explained in the previous point, which

in fact lowers both the magnitude of the individual components of the

pressure (lateral and normal component) and the overall local pressure

profile (lateral minus normal).

Cooling stresses the liposomal membrane

Next we discuss the temperature effect on the shape and magnitude of

the pressure distribution for the vesicular systems, shown in figure 4.3.

Some of the properties derived from these profiles, namely the radius,

the pressure difference between the inside and outside of the vesicles,

and the tension of the vesicular membrane are summarized in Table 4.2.

The first observation the pressure profiles of the cooled vesicle reveal

is the appearance of a pressure difference between the interior and exte-

rior solvent (showing up in the normal and tangential components). The

pressure difference exceeds 60 bars, as listed in Table 4.2 for the three
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Figure 4.3: Pressure distributions for vesicular systems. (A) Panel showing the effects of cool-

ing from 323 K to 273 K on the local pressure distribution across a 20 nm DPPC vesicle. Black

lines represent the situation at 323 K and grey lines the situation at 273 K. At 273 K a pressure

difference of 85 bar over the membrane of the vesicle is present, which is revealed by the differ-

ence in either lateral or normal pressure between the regions at radius r, r < 5 nm and r > 11

nm. (B) Panel showing the local pressure profiles (lateral minus normal) of the three different

vesicle sizes at both 323 K and 273 K. The profiles are centered with respect to the center of the

membrane. Black lines represent the situation at 323 K and grey lines the situation at 273 K.

vesicles studied. As a consequence of the interior pressure, the vesicular

membrane is under considerable tension. Table 4.2 quantifies these sur-
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face tensions, estimated from the pressure difference over the membrane

using equation 4.4. Note that, also at 323 K, the membrane is not in a

tension-less state especially for the two bigger vesicles. In fact, it seemed

surprisingly difficult to fully equilibrate the vesicles. The cylindrical po-

tentials used to equilibrate the internal pressure in the vesicle have to be

rather big to allow sufficient lipid flip-flops. After their removal, sealing

of these pores takes place within a few nanoseconds. Within such a short

time scale this sealing is achieved by expanding the area of themembrane

rather than by decreasing the internal volume of the vesicle, resulting in

a small remaining tension. Interestingly, after spontaneous aggregation

of lipids into a vesicle in the absence of cylindrical potentials, similar net

pressure differences were found to be present (results not shown). The

presence of this initial tension gives a bias in the interpretation of the ten-

sions resulted from cooling. Nevertheless it is clear that upon cooling,

the tension in the vesicular membrane increases significantly, to values

exceeding 30 mN/m (see Table 4.2).

Due to the tension in the membrane, the pressure profiles shift in the

direction of more negative local pressure values (see figure 4.3). The

largest changes are seen for the negative oil-water interfacial peaks. For

the smallest vesicle (cf. figure 4.3A), the magnitude of these peaks de-

creases from -35 to -105 bar in the inner monolayer (r = 5.9 nm) and from

-85 to -140 bar in the outer monolayer (r = 9.4 nm), a decrease by a factor

of 2.9 and 1.6 respectively. The same trend is seen for the other vesicles

(cf. figure 4.3B), with relative changes by a factor of 2.1 and 1.7 in the

inner monolayer and 1.8 and 1.5 in the outer monolayer for 30 and 40 nm

diameter vesicles respectively. These numbers demonstrate a clear trend

toward a larger relative increase in stress in the inner monolayer than in

the outer monolayer of the vesicle upon cooling. These findings are con-

sistent with the more significant structural changes in the inner mono-

layer in comparison with outer monolayer due to temperature changes
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in the vesicle previously shown in section 3.3.1. Moreover, the effect on

local pressure seems to decrease with decreasing curvature in the inner

monolayer, but remains rather constant in the outer monolayer.

4.3.2 Quenching stressed planar membranes below Tm

To test the hypothesis that the effective area constraint on the liposomes

prevents the formation of gel domains in these systems, as discussed in

the previous section, here we look at the effect of area constraints on gel

formation in planar membranes. To do so, we simulated small DPPC

patches under normal periodic boundary conditions at fixed areas cover-

ing a range of area/lipid between the gel and fluid phase, each of these

quenched to a temperature of 273 K. In addition, we tested the effect of

membrane asymmetry on gel phase formation by systematically remov-

ing lipids from one of the monolayers.

Area constraint induces fluid-gel phase coexistence in planar membranes

Figure 4.4 shows the effect of an area constraint on the membrane when

cooling from 323 K to 273 K.

A membrane trapped at an area per lipid of 0.64 nm2 remains com-

pletely in the Lα phase. In fact, even when cooled to a temperature of 250

K for 1 µs no gel formation was observed (results not shown), indicating

that the fluid phase at 273 K is most likely a stable state at this area per

lipid. At an area of 0.54 nm2 a gel domain spontaneously forms, reaching

an equilibrium after 100 ns with no further growth observed. As a gel do-

main itself has a nearly fixed area per lipid (hexagonal closed packing),

any extra growth of the gel domain would further decrease the area per

lipid of the surrounding fluid phase, with an associated cost in free en-

ergy (determined by the area compressibilitymodulus of the fluid phase).

To optimize its free energy the membrane adopts a state of gel/fluid co-

existence in which a balance occurs between enthalpic gains by forming
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Figure 4.4: Effect of an area constraint on DPPC bilayer patches cooled to 273 K. (A) An area

per lipid of 64 nm2, no gel formation is observed.(B) An area per lipid of 54 nm2, a clear gel

domain is observedwhich is in coexistence with the fluid phase.(C) An area of 45 nm2, the entire

membrane is in the gel phase. (D) An external tension of 90 mN/m applied on the membrane

depicted in (C) leads to a tilted gel phase (Lβ′) rather than a decrease in gel fraction.

the gel phase and elastic costs by increasing the area per lipid in the re-

maining fluid phase. The boundary interface between the two phases is

straight and well defined, reflecting a large line tension between the two

phases. At an area of 0.45 nm2 the membrane is entirely in the gel phase

(Lβ). This area per lipid corresponds to the equilibrium area per lipid
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when no area constraint is present.
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Figure 4.5: Effect of an area constraint on the surface tension (solid line, circles) and on the

fraction of gel phase (dotted line, triangles) of a DPPC bilayer cooled to 273 K.

To quantify the appearance of the gel domains, we calculated the frac-

tion of lipids in the gel phase (Lβ) as a function of the area. This is shown

in figure 4.5, together with the associated surface tension of the mem-

brane system. Three different regimes can be distinguished:

(I) Fluid phase (area/lipid> 0.59 nm2). In this regime the area per lipid

is so large that gel domains are not stable. The surface tension increases

roughly linearly with the area per lipid, corresponding to the elastic be-

havior of a fluid bilayer. The increase in Lg fraction to a value of 0.2

merely reflects the noise in the cluster algorithm used. Visual inspections

shows that no actual gel domains are formed.

(II) Fluid-gel coexistence (area/lipid between 0.47 - 0.57 nm2). Here,

the Lα phase coexists with the Lβ phase in the membrane. The surface

tension increases inelastically with decreasing area per lipid and reaches
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a maximum value of 70 mN/m at an area per lipid of 0.50 nm2. The Lβ

fraction on the other hand, increases gradually with decreasing area per

lipid. The domain formation is reversible in this regime, i.e. an increase

in area per lipid decreases the Lβ fraction (results not shown).

(III) Gel phase (area/lipid ≈ 0.46 nm2). In this regime the tension

rapidly decreases in response to only a minor decrease in area per lipid,

referring to themore ’brittle’ behavior of the gel phase. This regime, how-

ever, seems to be an irreversible regime were an external applied tension

leads to a tilted gel phase (Lβ′) or rupture rather than a decrease in Lβ

fraction (cf. figure 4.4D).

Comparing the maximum area per lipid at which gel domains are sta-

ble in the planar membrane, around 0.57 nm2, to the area per lipid of the

inner- and outer monolayer of the cooled vesicle described in the previ-

ous section, resp. 0.603 and 0.689 nm2, we conclude that the area con-

straint is indeed reason for the absence of gel domain formation in the

vesicular case.

Membrane asymmetry decouples gel phase formation in the two monolayers

An important difference between planar systems and vesicles is the asym-

metry between the monolayers. Earlier work of Marrink et al. suggested

a strong coupling of the gel domains between the two opposite leaflets.13

A plausible mechanism for monolayer coupling is the presence of a small

surface tension between the two leaflets when the two different phases

are in contact.95 In a curved bilayer, however, the monolayers possesses

both different dynamical and structural properties.23 It is therefore not

unlikely that domain formation is less coupled between the monolay-

ers when curvature is present. A gel domain in only one of the mono-

layers is expected to be higher in free energy than two coupled gel do-

mains, which may in principle lower the phase transition temperature.
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In this section, we investigate the effect of monolayer asymmetry on the

gel phase formation process in planar bilayers, by systematically remov-

ing lipids from one of the monolayers of a DPPC bilayer at 273 K.
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Figure 4.6: Gel phase formation in asymmetric DPPC bilayers. (A) Panel showing the Lβ fraction

in each monolayer (I and II) as a function of membrane asymmetry (expressed as ratio between

the number of lipids in the monolayers). The solid lines represent the Lβ fraction and the dotted

lines the area per lipid in the monolayer. Squares represent the monolayer depleted in lipids

and circles represent the normal monolayer. The vertical lines represent the liposome diameters

at the corresponding membrane asymmetry. (B) Snapshot of a system at 273 K after 800 ns

of simulation were 50% of the lipids is removed from one monolayer. The left monolayer is

completely in the gel state (Lβ) while the right monolayer remains completely in fluid state (Lα).
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Figure 4.6A shows the Lβ fraction in each monolayer as function of

the ratio between the number of lipids in the right and left monolayer

(membrane asymmetry). The normal monolayer remains purely in the

Lβ phase, while the depleted monolayer shows a very strong transition

in the Lβ fraction between an asymmetry ratio of 0.75 - 0.8 in the depleted

monolayer. At a membrane asymmetry of 0.8 the corresponding area per

lipid in the depleted monolayer is 0.57 nm2. The symmetric bilayer also

shows clear signs of gel phase formation at this area/lipid (cf. figure

4.5). However, at the same area per lipid of 0.57 nm2, 77% of the de-

pleted monolayer is in the Lβ phase in the asymmetric bilayer compared

to only 53% in the symmetric case. The major difference between the two

systems is that in the asymmetric monolayer the gel domain in the de-

pleted monolayer is opposed to a monolayer completely in the Lβ phase,

whereas in the symmetric bilayer it faces a monolayer containing a fluid

domain. Themore abundant growth of the gel domain in the asymmetric

bilayer is therefore likely due to the compensation of the inter-monolayer

surface tension which scales with the domain-domain mismatch area.

We conclude that asymmetry has a measurable effect on the onset of

gel phase formation in planar membranes, but that the effect is small

compared to the effect of an area constraint. We therefore expect that the

asymmetry of the lipid distribution is not a major determinant for the

absence of gel phase formation in the case of the vesicles.

4.3.3 Quenching vesicles below Tm under pseudo-equilibrium condi-

tions

In this section, we describe results obtained for the same series of vesicu-

lar systems as before, however, here we keep the artificial pores to allow

for solvent exchange and lipid flipping in the cooled vesicle system. In

effect, this releases the area constraint of the vesicular membrane. This

approach resulted indeed in the almost complete gelation of the vesicles.

Here we will specifically focus on the domain formation in the smallest
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(20 nm diameter) and biggest (40 nm diameter) vesicle simulated. The

gel formation process is found to proceed through four distinct stages,

which become apparent from a plot of the gel-fraction versus simula-

tion time as shown in figure 4.7. Graphical snapshots of the process are

shown in figures 4.8 and 4.9. We discuss these regimes now in their order

of appearance.
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Figure 4.7: Quantitative analysis of the evolution of domain formation in the 20 nm DPPC vesi-

cle as a function of time. Shown are the size of the biggest domain in each monolayer, the overall

membrane fraction in the gel-phase (Lβ), the amount of internal solvent particles, the amount

and direction of lipid flip-flops and the asphericity parameter. Due to the increasing asphericity

of the vesicle and the existence of an ’offset time’ in the definition of flip-flops, flip-flops could

only be well defined between 200 - 1200 ns. In general, we distinguished four different stages

during the evolution of the fluid-gel phase transition in the vesicle. Stage A (0 - 250 ns): Situation

were the first gel domains are formed in the outer monolayer. Stage B (250 - 600 ns): Initiation

of coupling between domain formation in outer- and inner monolayer. Stage C (600 - 1400 ns):

Coupled domain formation in both monolayers. Stage D (> 1400 ns): Situation were equilib-

rium seems to be reached. Here the gel domains have reached their maximum size, resulting in

a stable co-existence between fluid:gel-phase. Around 40% of the vesicle membrane remains in

the fluid-phase.
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Stage A: Initial formation of uncoupled gel domains in the outer monolayer

The first stage is defined by the appearance of uncoupled gel domains in

the outer monolayer only, which corresponds to more or less the first 250

ns of the simulation (see the evolution of the gel phase fraction in figure

4.7). Figure 4.8A shows a snapshot of a gel domain in the 20 nm vesicle

at 273 K after 160 ns. In line with the results obtained for the asymmetric

planar membranes presented in the previous section (cf. figure 4.6), the

gel domain is only present in the outer monolayer. The local curvature in

the membrane is almost not affected by the presence of these uncoupled

gel domains (figure 4.8A), which is also revealed by the nearly constant

asphericity parameter during stage A in figure 4.7. After 160 ns the inter-

nal volume of the vesicle interior has decreased with≈ 10% compared to

the start of the simulation (7115 versus 6385 solvent beads). The pressure

difference ∆P at this point is still considerable, around 70 bar, resulting

in an estimated surface tension of 26 ± 5 mN/m. It should however be

noted, that tension increases with decreasing area per lipid during the

fluid-gel coexistence regime as shown in figure 4.5 for the planar mem-

brane. More informative is the area per lipid; with respect to the lipid

headgroup (PO4) it is 0.44 nm2 for the inner and 0.75 nm2 for the outer

monolayer. Compared to the area per lipid at 323 K, 0.52 nm2 for the

inner and 0.82 nm2 for the outer monolayer, these numbers show that a

phase transition in the outer monolayer is already observed at a decrease

of area per lipid of 9% in the outer monolayer, while it still remains absent

at the larger decrease of 15% in the inner monolayer. In the planar bilayer

the first signs of phase transitions also appeared at a similar overall area

decrease of 10% (0.57 nm2). However, due to the presence of different

curvatures (concave versus convex), it makes more sense to compare the

local area per lipid at the position of the individual carbon tail beads. The

area per lipid at the position of the first carbon tail bead (C1) is 0.59 nm2

for the inner- and 0.61 nm2 for the outer monolayer; for the second tail

bead (C2) this is already 0.67 nm2 for the inner- and 0.55 nm2 for the outer
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Figure 4.8: Snapshots from the cross-section of the 20 nm diameter vesicle during different

stages of the evolution of domain formation (cf. figure 4.7). (A) Left, stage A after 160 ns, the

first gel domains have appeared in the outer monolayer of the vesicle. The shape of the vesicle

remains nearly unaffected. Right, zoomed view of the uncoupled gel-domain during this stage.

(B) Left, stage C at 600 ns, the gel domains in the opposing monolayers are coupled. Some clear

’kinks’ are appearing in the membrane. Right, close-up of the ’coupled’ gel-domain. (C) Left,

stage D at 1400 ns, equilibrium situation where the gel domains have reached their maximum

size. The vesicle has become very irregular, with an egg-shaped cross-section. Right, close-up of

the cross section of the ’tip’ of the vesicle.
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monolayer. The latter is already smaller than the ’critical’ area per lipid

of 0.57 nm2 found for the planar bilayer. These values suggest that it is

especially the local available space of the tail beads that plays a crucial

role in triggering the phase transition.

Stage B: Gel domain formation in the inner monolayer

The second stage in the evolution of the phase transition is the initiation

of domain formation in the inner monolayer, as can be seen in figure 4.7.

It covers the time period roughly between 250 and 600 ns. On the other

hand, figure 4.7 also reveals that the size of the largest gel domain in the

outer monolayer reaches a plateau from 400 to 600 ns. Based on our re-

sults obtained for asymmetric planar bilayers, we expect the growth of

the uncoupled gel domain in the outer monolayer to be limited by the

inter-leaflet surface tension. In addition, a shrinking vesicle creates stress

especially in the outer monolayer, which may also explain the limited

growth of the gel domain in the outer monolayer during this stage. As

shown in chapter 3, vesicles with smaller radii are relatively enriched in

lipids in the outer monolayer. Further growth of the gel domain of the

outer monolayer therefore requires lipid flip-flopping. Figure 4.7 indeed

shows the onset of this process, with a large number of lipid flip-flops

taking place during this stage which strongly enriches the lipid popula-

tion in outer monolayer. Note that the detection of the flip-flops involves

a lag-time (see Methods section); it is likely that the onset of this pro-

cess already starts during stage A. During this stage we determined the

area/lipid in the inner monolayer from several snapshots and found that

the area/lipid based on the C1 and C2 tail beads (resp. 0.60 and 0.62 nm2)

remained constant and even showed a slight increase compared with the

values found during stage A at 160 ns. This phenomenon results from

the strong lipid depletion in the inner monolayer during this stage which

compensates for the decrease in area. It is not clear why gel domains form

in the inner monolayer when the area per lipid is still above the threshold
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value of 0.57 nm2.

Stage C: Coupled growth of gel domains

Once the process of ’catching up’ of gel domain formation in the inner

monolayer has occurred during stage B, the speed of gel domain growth

in both monolayers becomes similar. This stage of coupled growth lasts

approximately from 600 to 1400 ns. Figure 4.7 demonstrates that the

growth and overall size of the biggest domain during this stage is cor-

related between the monolayers. Also the flip-flop rate becomes similar

in both directions. The increased bending stress as a result of coupled do-

main formation is causing the membrane to deform during this stage, as

revealed by the strong increase in the asphericity parameter. See also the

snapshot of the vesicle in figure 4.8B. Remarkably, the pressure difference

around this stage was estimated to be still around 50 bar.

Stage D: Stabilization of fluid-gel coexistence

After 1400 ns the domain growth seems to have reached a plateau. At

this stage the fluid:gel co-existence has stabilized, with around 60% of

the membrane is in the Lβ phase. The vesicle possesses around 3900 in-

ternal solvent beads, which is a 45 % decrease of internal volume com-

pared to the initial conditions. Nomore net flux occurs through the pores

(∆P = 0). The pores sealed when the cylindrical potentials were removed

(not shown). Figure 4.8C demonstrates howwell the organisation in lipid

packing to accomodate stress and to optimize enthalpy can be. The final

vesicle is strongly irregular shaped, overall like an egg. The curvature

at the ’tip’ of the egged-shaped vesicle is so strong that in fact almost

no inner monolayer is present, whereas the outer monolayer is fully in

the gel phase at an almost perpendicular orientation with respect to the

surrounding gel domains. At the interface, especially in the outer mono-

layer, the gel domains are connected by lipids remaining in the fluid
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phase. The packing of the lipids is somewhat reminiscent of that seen

in the rippled gel phase.88

Interestingly, as shown in figure 4.9 for the vesicle with a diameter of

40 nm, the radius of the artificial pore spontaneously increased toward

8 nm within the first 40 ns. The increase in pore size indicates that the

rupture threshold of the membrane is surpassed, causing the vesicle to

pop like a balloon, resulting in a strongly deformed vesicle. The surface

tension for the 40 nm vesicle being higher than the surface tension for

the smaller vesicles (cf. table 4.2) explains the fact that this phenomenon

was not observed for the two smaller vesicles. The rupturing process ob-

served in our simulations might be similar to the freeze induced rupture

of liposomes reported in experiments.96

Figure 4.9: Snapshots showing the cooling of a 40 nm diameter vesicle from 323 K to 273 K

in the presence of an artificial pore. From left to right: (1) The starting situation, cross section

showing one out of two hydrophilic pores of 2 nm radius which are present in the vesicle. The

entire vesicle is in the fluid state. (2) The situation after 160 ns, same view as previous snapshot.

The pore size has increased to 8 nm radius. Gel domains coupled across the monolayers have

already formed. The contour of the vesicle along this projection remains close to spherical. Kinks

in the contour indicate the connections between the gel patches.(3) A cross section of the same

vesicle along the direction of the pores. Both pores are of similar size. The vesicle is of a conical

symmetric shape. Both the kinks in the middle and the pore interfaces remain in the fluid state.
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Major kinetic barrier for gel phase formation in instantaneously cooled vesicles is

solvent exchange

Finally, we wish to answer the question whether it is the ability to release

the interior solvent pressure, or the ability to remove the stress imbalance

between the monolayers through lipid flip-flops that allows the vesicles

to undergo the transformation to the gel phase. To this end, we cooled

an additional 20 nm vesicle without the artificial presence of pores, but

with the initial reduction of internal solvent to 3900 CG solvent beads

(corresponding to the final solvation state of the porated 20 nm vesicle, cf.

figure 4.8). This simulation gave a very similar result of the simulation in

which the artificial pores were present. The final stage shows a strongly

deformed vesicle, similar to the one shown in 4.8, with large gel domains

coupled between the monolayers. It appears, therefore, that the ability to

expel interior solvent after the instantaneous cooling of the vesicles is of

primary importance for gel formation to occur. However, the gel fraction

was in this case 11% lower compared to the vesicle were artifical pores

were used, whichwe attribute to the lack of lipid flip-flopmediated stress

minimization.

4.4 Conclusions

Using a model at near-atomic resolution, we have been able to shed some

light on the kinetic and structural aspects of gel domain formation in

small lipid vesicles. Cooling vesicles below the main phase transition

temperature does not lead to gel phase formation on the microsecond

time scale. Based on control simulations of planar membrane systems,

we conclude that this is caused by the implicit area constraint of the li-

posomal membrane as a consequence of its very low water permeability.

To mimic the long time scale effect we introduced artificial pores which

allow both the exchange of internal solvent and the ability of lipids to

redistribute between the two monolayers. In this case the transformation
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from a fluid to a gel phase membrane could be observed. Four different

stages were identified during the transformation. The first stage is char-

acterized by the formation of gel domains in the outer monolayer only.

In the second stage, the outer domain growth is strongly reduced, how-

ever, domains start forming in the inner monolayer. In the third stage,

domains become registered across the monolayers, and the gel fraction

increases for both monolayers. During this stage the vesicles also start to

deform considerably. Finally, an equilibrium stage is reached with most

of the lipids in the gel state. The finally obtained gelated vesicles are

very irregularly shaped, with large ’non-curved’ gel domains in a kinked

geometry separated by domain-domain interfaces of lipids in the fluid

phase. For the largest vesicles studied (around 40 nm diameter), we ob-

served spontaneousmembrane rupture during the phase transformation.



Chapter 5

The molecular face of lipid rafts in model
membranes
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C
ell membranes contain a large number of different lipid species. Such

amulti-componentmixture exhibits a complex phase behaviourwith

regions of structural and compositional heterogeneity. Especially do-

mains formed in ternary mixtures, composed of saturated and unsatu-

rated lipids together with cholesterol, have received a lot of attention as

they may resemble raft formation in real cells. Here, we apply a novel

simulation model to assess the molecular nature of these domains at the

nanoscale, information that has thus far eluded experimental determina-

tion. We are able to show the spontaneous separation of a saturated phos-

phatidylcholine (PC)/unsaturated PC/cholesterol mixture into a liquid-

ordered and a liquid-disordered phasewith structural and dynamic prop-

erties 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 predict the existence of a

small surface tension between the monolayer leaflets which drives reg-

istration of the domains. At the level of molecular detail, raft-like lipid

mixtures show a surprising face with possible implications for many cell

membrane processes.
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5.1 Introduction

According to a recent definition, rafts are small (< 200 nm) heteroge-

neous, highly dynamic, sterol and sphingolipid-enriched domains that

compartmentalize cellular processes 97 and are believed to play an im-

portant role in cellular function.98 Although direct observation of rafts in

vivo remains complicated, in model membranes raft-like mixtures can

form domains that have been visualized directly for an increasing num-

ber of experimental systems and conditions.21, 99–102 At cholesterol levels

representative of biological membranes (10-30%), mixtures of saturated

and unsaturated lipids separate into macroscopic domains of a liquid-

ordered (Lo) phase and a liquid-disordered (Ld) phase. The first, raft-like,

phase is enriched in both cholesterol and the saturated lipid, the second,

non-raft phase consists mainly of the unsaturated lipid and is depleted

of cholesterol. In order not to confuse the reader concerning the mean-

ing and implication of the term raft, here and throughout the remainder

of this manuscript we use the term raft-like phase or domain to denote

the liquid-ordered phase observed in model membranes. Interestingly,

isolated plasma membranes have recently been shown to be capable of

forming such domains as well.103, 104 Yet it should be stressed that in real

cell membranes raft formation may not resemble macroscopic phase sep-

aration. For instance, other recent experiments on plasma membranes

demonstratemicrometer-scale composition fluctuations arising from crit-

ical demixing behavior.105 The focus of the current manuscript is on phase

segregation in model membranes.

To be able to interpret the experimental measurements performed on

model membranes, knowledge of the structure and dynamics of the do-

mains at the molecular level is essential. Here, we report molecular dy-

namics (MD) simulations of the spontaneous formation of raft-like do-

mains in ternary lipid mixtures by using a recently developed coarse

grained (CG) lipid model, the MARTINI force field 56, which combines
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the speed-up benefit of simplified models 41 with the resolution obtained

for atomically detailedmodels.106, 107 Our intermediate approach allows us

to study collective processes in mixtures of realistic, i.e. physiologically

important, lipids. We focus on fully hydrated mixtures of dipalmitoyl-

phosphatidylcholine (DPPC or diC16-PC), dilinoleyl-PC (DLiPC or diC18:2-

PC), and cholesterol, a model system containing both a saturated and a

poly-unsaturated lipid component (figure 5.1A). Linoleic acid is a repre-

sentative of the important class of ω6 fatty acids. Experimentally it has

been shown that the presence of poly-unsaturated tails increases the ten-

dency to form domains.81, 82

5.2 Methods

5.2.1 Simulation setup

The MARTINI model: All systems were simulated using the MARTINI

coarse grained force field 56, version 2.0. Parameters for poly-unsaturated

chains were not available, and have been optimized using all-atom sim-

ulations of Feller et al..77 More details about the MARTINI force field,

including some specific parameterization required for the current study,

are given in chapter 6.

Simulation details: The simulations described in this paper were per-

formedwith the GROMACS simulation package 57, version 3.3. In all sim-

ulations the solvent molecules, the lipids, and cholesterol were indepen-

dently coupled to a constant temperature bath 59 with a relaxation time of

τT = 0.1 ps. Based on exploratory simulations, a target temperature of 295

K was chosen as an optimal value to observe clear phase separation on

an accessible time scale. A higher temperature brings the system closer

to the critical point, which might be more realistic for the state of mem-

branes in vivo, but prevents the clear analysis of domain properties as

presented here. Lower temperatures, on the other hand, slow down the
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Figure 5.1: Formation of Lo domains in ternary lipid mixtures. (A) Color coding of the lipid

components. Green is used for the saturated lipids, red for the poly-unsaturated ones. Choles-

terol is depicted in grey with a white hydroxyl group. (B) Time resolved phase segregation of a

planar membrane viewed from above, starting from a randomized mixture (t = 0), ending with

the Lo/Ld coexistence ( t = 20µs). (C) Phase segregation for the same lipid mixture in a small,

20 nm diameter, liposome. Initial (t = 0) and final (t = 4µs, both top view and cut through the

middle) configuration. The scale bar indicates 5 nm. (D-E) Multiple periodic images (2x2) of the

phase separated DPPC/DLiPC/cholesterol systems show (D) striped pattern formation in the

0.42/0.28/0.3 system and (E) circular domains in the 0.28/0.42/0.3 system.

equilibration of the two phases. The pressure was weakly coupled 59 to 1

bar with a relaxation time of τP = 0.5 ps. For the planar membranes the

pressure coupling used a semi-isotropic scheme in which the (x,y) plane

and the z direction are coupled separately. This approach results in a ten-

sionless bilayer. For the vesicular system, we used the MFFA-boundary

(Mean Field Force Approximation) approach as described in chapter 2.

All planar systems were simulated for 18x107 steps, and the vesicular
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system for 3.5x107 steps, using an integration time step of 30 fs and an

update of the neighbor list every 10 steps. Due to the smoothness of the

CG potentials, the effective time scale sampled is larger than the actual

simulation time. Based on a comparison of diffusion constants in CG sys-

tems and systemsmodeled at atomic detail, the effective time sampled by

the CGmodel was found to be two- to tenfold larger.56 When interpreting

the simulation results with the CG model, one can to a first approxima-

tion simply scale the time axis. The standard conversion factor we use is

a factor of four, which is the speed up factor in the diffusional dynamics

of CG water compared to real water. A similar scaling factor appears to

describe the general dynamics present in a variety of systems quite well.

The time scale quoted here and in the main manuscript is therefore an ef-

fective time scale, which should be interpreted with care. The total effec-

tive time sampled is slightly over 20 µs for each of the planar membrane

systems, and 4 ms for the vesicular system. Equilibration of the systems

was monitored by looking at the system energy and various structural

properties, including the domain perimeter and domain coupling. The

vesicular system did not reach a fully equilibrated state, and therefore

no attempts were made to analyze this system in more detail. For the

lamellar systems, during the last 4 µs simulation no significant changes

in system properties occurred, and therefore the system is considered to

be equilibrated (see figure 5.6A, showing the temporal evolution of the

domain perimeter and coupling).

Generation of starting structures and control simulations: Initially, a small

equilibrated patch of a binary DPPC/cholesterol mixture was obtained

from previous studies.56 This patch contained 38 DPPC and 16 cholesterol

molecules (0.3 mol fraction of cholesterol). The hydration level was 350

CG water beads, corresponding to 26 real waters/lipid. To construct the

ternary mixture 15 of the DPPC molecules were transformed into DLiPC

molecules. After short energy minimization to release the stress caused

by the different topology of some of the tails, the smallmembrane patches
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were equilibrated for 100 ns at an elevated temperature of 400 K to ran-

domize the lateral organization. Subsequently the system was copied six

times in both lateral directions to obtain the final systems, containing 828

DPPC, 540 DLiPC, 576 cholesterols and 12600 water beads. The molar

composition of this mixture is DPPC/DLiPC/cholesterol 0.42/0.28/0.3.

This was followed by a short 10 ns simulation at the target temperature

of 295 K with increased coupling to the temperature and pressure baths

to relax the overall system size close to its equilibrium value. This is

considered the starting point (t = 0) of the simulations presented in this

manuscript. The DPPC/DLiPC/cholesterol 0.28/0.42/0.3 ternary mix-

ture was obtained using the same procedure, replacing 23 of the DPPC

by DLiPC lipids initially.

Simulations of binary DPPC/DLiPC systems in the range 6:1 to 1:3

were prepared starting from pure DPPC bilayer patches. To verify the

reproducibility of our results, control simulations were performed for

each of these systems, using four times smaller system sizes and different

starting conditions. In each case, the ternary mixtures completely phase

separate whereas the binary systems do not, at least at the temperature

of study (295 K). Cooled further, binary mixtures show gel/fluid coex-

istence (Risselada and Marrink, manuscript in preparation). To quantity

the lateralmobilites of the two populations for cholesterol in the Ld phase,

a separate simulation of a small bilayer patch approximately matching

the composition of the Ld phase has been performed. This system, com-

posed of 128 DLiPC lipids and 35 cholesterols, was simulated for 1 µs at

T = 295 K.

The vesicle used in this studywas formed by spontaneous aggregation

of the lipid components within the MFFA boundary set-up, as follows.

1250 DPPC, 730 DLiPC and 834 cholesterol molecules were randomly in-

serted, respecting the excluded volume of each bead, in a sphere with
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a 12.5 nm radius. The remaining volume of the shell was subsequently

filled with CG water beads. In total, 49003 CG water beads were added.

The system was initially run at a temperature of 323 K. Aided by the

molding effect of the spherical boundary, rapid formation of a vesicle

was observed. After 30 ns, when the overall shape of the vesicle had ap-

peared, but still several pores remained in the vesicle, the temperature

was quenched to the target temperature of 295 K allowing the vesicle to

equilibrate at the desired conditions. After ≈100 ns the vesicle had com-

pletely sealed. This state corresponds to t = 0µs in figure 5.1C.

5.2.2 Analysis

Analysis of structural properties: Local properties of the lamellarmembrane

system were computed by dividing the membrane into slabs of 1 nm

width in the direction perpendicular to the domain boundaries. Aver-

ages were taken over the final 4 µs of the simulation. The local mem-

brane thickness was defined as the average distance between the phos-

phate groups of both monolayer leaflets in a particular slab. The local

area per lipid is calculated as the average amount of lipids (including

cholesterol) in a slab divided by the area of that slab. The order parame-

ter represents the segmental order parameter averaged over all four tail

segments, and all lipid tails present in a particular slab. The local compo-

sition of a certain component was defined as the mol fraction of the total

amount of components in that slab. The radial distribution function of

cholesterol (figure 5.3B) was obtained by considering the distribution of

the cholesterol center-of-masses, for each of the monolayers separately.



112 5. The molecular face of lipid rafts in model membranes

Analysis of dynamic properties: The local lateral diffusion constant was

calculated from the average lateral mean square displacement (MSD) of

a representative bead in the head group region of the molecule (the phos-

phate group was chosen for the PC lipids and the hydroxyl group in case

of cholesterol) in a slab. All motions were corrected for the overall center

of mass motion of the monolayers. Due to the non-local nature of the dif-

fusion process, only short time mobilities were taken into account (t < 4

ns) to prevent dominant contributions to the diffusion rate outside the

target slab. Distinction between the two cholesterol populations in the Ld

phase was based on the position of the cholesterol head group with re-

spect to themembrane normal, assigned to four separate bins (two for the

interfaces and two for the membrane interior). The average monolayer

residence time of cholesterol, or flip-flop time, was estimated by counting

the number of crossings. A crossing was defined as a tilt angle θ chang-

ing from a value θ > 1200 to a value θ < 600 or vice versa. The tilt angle

of cholesterol was defined as the angle between the bilayer normal, and

the vector connecting the head group site to the tail site that is directly

attached to the sterol body. To remove fast reorientations not necessarily

indicating a flip-flop, the time series were filtered by applying a running

average over 10 ns before counting the number of flip-flop events. For

the determination of the exchange ratios of lipids between the domains,

two small 1 nm wide slabs were defined in the middle of both the Lo and

Ld phase, based on the plateaus in the composition profiles (figure 5.2B).

An exchange event was counted when a molecule at time t = 0 appears

in the marked region of the Ld phase and at time t + ∆t (0 < ∆t < 4µs)

in the marked region of the Lo phase or visa versa. The exchange rate

per unit length is then defined as the total amount of exchange events

observed, divided by the time window of the analyzed trajectory and the

dimension of the simulation box in the direction along the domain inter-

face. The values reported in the main manuscript are averaged over the

exchange rates in the two directions.



5.2. Methods 113

Analysis of domain area and perimeter: In order to compute the domain

area and perimeter of the Lo phase, the following procedure was used

to identify the Lo phase. The phosphate beads of DPPC in either one

of the two monolayers were projected on top of a 2D grid with a grid

size of 0.5x0.5 nm. Each grid point falling within a radius of 0.4 nm of

the projected bead was marked as a domain element. A cluster algo-

rithm based on the direct edge contact between two domain grid ele-

ments was used to subsequently identify the connectivity of the system.

The Lo phase is defined as being the biggest cluster of connected grid el-

ements. A perimeter element is defined, as each element of the cluster

which has less than four neighbours belonging to the same cluster. The

criteria used in this algorithm such as the grid size and the radius of the

overlap circle were optimized empirically by overlapping the identified

Lo domain with the real structure. The area of the Lo domain is defined

as the total number of grid elements multiplied by the area of a grid ele-

ment. The perimeter/area ratio (Figure 5.6C) is defined as the number of

perimeter grid elements dived by the total number of grid elements in the

Lo domain. The overlap is determined by counting the number of corre-

sponding grid elements of the Lo domain in each monolayer. The overlap

fraction is defined as the total number of corresponding grid elements di-

vided by the average number of grid elements of the two Lo domains. At

the start of the simulation, the overlap fraction is 0.75, corresponding to

the expectation value for completely uncoupled monolayer leaflets. The

final overlap fraction is close to 0.85. The clustering procedure was also

used to identify the cholesterol cluster size distribution (inset figure 5.3B).

The random distribution, used for comparison, was obtained from a sim-

ulation of a 2D hard sphere fluid with an overall density equivalent to

that of cholesterol in the raft phase.

Analysis of line tension: The domain line tension was estimated from



114 5. The molecular face of lipid rafts in model membranes

the shape fluctuations of the perimeter of the Lo phase (Figures 5.6A and

5.6B). From the work of Esposito 108 it was shown that the line tension σ

for a stable domain can be estimated as,

σ =
3kTR0

4π < (∆ry)2 >
, (5.1)

with ∆ry = ry− < ry > and R0 = 1
2
A/Lx. Here ry denotes the dis-

tance between a point on the perimeter and the center of the Lo domain

measured along the direction perpendicular to the domain interface. The

brackets represent an average over all perimeter points. A is the aver-

age area of the domain, and Lx the simulation box length in the direction

along the domain boundary. Since we calculated the fluctuations of the

perimeter for each of the two monolayers independently, the line tension

obtained by this method as reported in the main manuscript is the line

tension for a single monolayer. An independent measure of the line ten-

sion was obtained from the pressure difference between the two lateral

membrane directions.61 For a percolating domain along the x direction,

the line tension is given by σ = 1
2LxLy(Pb − Pyy) where Pb = Pxx = Pzz

denotes the pressure in the bulk water and Pyy is the pressure tensor com-

ponent along the domain interface. Assuming independent fluctuations

of the domains in both monolayers, the line tension per monolayer inter-

face is 0.5σ. Both estimates of the line tensionwere found to be equivalent

within the statistical error.

Analysis of monolayer-monolayer surface tension: The surface tension driv-

ing the Lo domain-domain coupling was estimated from the probability

distributionP (∆A) of themismatch area∆A = (1−α)A0 between the two

domains, with α denoting the overlap fraction (see ’Analysis of domain

area and perimeter’ section above) and A0 (= 313 nm2) the equilibrium

Lo domain area. The histogram was constructed from the fluctuations in

the area overlap fraction over the last 10 microseconds (after macroscopic

phase separation had occurred) of the simulation. The resolution for dis-
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tinction of two nearest states was chosen to be 0.01 overlap fraction. As-

suming that, for large mismatch areas, the dominant contribution to the

free energy of the system arises from the surface tension γ between the Lo

and Ld phases, we can write P (∆A) ∝ e−
γ

∆A . Fitting of ln P in the regime

of large mismatch area (Figure 5.6D) gives an estimate of the surface ten-

sion.

Error estimates: The statistical error in the structural and dynamic prop-

erties was assessed by using a block averaging procedure, considering

blocks of 500 ns as independent. The last 4µs was used for the analysis.

Together with the separation of the results for both monolayers, 16 mea-

sures were obtained on which the standard error estimate was based.

Statistical errors in the case of the composition, the order parameters,

the area/lipid, and the thickness are small, comparable to the size of the

symbols in figures 5.2B and 5.2C. In the calculation of the local lateral

lipid diffusion constants the non-local nature of the diffusive process in-

troduces a systematic error. The size of this error (displayed in figure

5.2D) was estimated from the spread of values obtained within a specific

slab. For the flip-flop rate no accurate error bars could be derived, es-

pecially toward and inside the Lo phase, due to the limited number of

events observed. The flip-flop profile in figure 5.2D is therefore of more

qualitative nature. The error estimates for the line and surface tensions

are also based on a division of the simulation trajectory, in this case using

somewhat larger block lengths of 1 µs. The choice of the exact resolution

with which the raft-like phase and perimeter were characterized proved

insignificant compared to the spread in values obtained for the individ-

ual blocks.
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5.3 Results and discussion

5.3.1 Ternary mixtures phase separate on microsecond time scale

Figure 5.1B shows the process of domain formation at the molecular level

as revealed by our MD simulations for a DPPC/DLiPC/cholesterol 0.42/

0.28/0.3 ixture, containing about 2000 lipid molecules. Initially, the lipid

components are randomized, mimicking high temperature conditions.

Subsequent quenching of the mixture to T = 295 K, well below the mix-

ing temperature, leads to the rapid formation of nanoscale domains on a

sub-microsecond time scale. Eventually the ternary mixture completely

phase separates into two domains spanning the simulation cell (figure

5.1D). Note that the formation of the striped pattern is an effect of the

finite system size, which allows the domain to connect to itself across the

(periodic) boundaries. Ternary mixtures of DPPC/DLiPC/cholesterol

0.28/0.42/0.3 also completely phase separate, however, here a circular

raft-like domain is formed completely surrounded by the other domain

(figure 5.1E). The larger area occupied by the poly-unsaturated lipids pre-

vents in this case the formation of the striped pattern observed for the

other mixture. In accordance with the general raft hypothesis, the ’green’

domain contains most of the saturated lipids together with cholesterol

(the raft-like, Lo domain), while the other, ’red’ domain is mainly com-

posed of the poly-unsaturated lipid (the non-raft, Ld domain). To mimic

in-vitro experiments performed on liposomes more closely, simulations

have also been performed on small unilamellar vesicles, consisting of

close to 3000 lipids in a 0.42/0.28/0.3 DPPC/DLiPC/cholesterol ratio.

Within a few µs a large Lo domain assembles near one of the poles (fig-

ure 5.1C). Qualitatively, the properties of the Lo and Ld phases are similar

for each of the three systems presented in figure 5.1. Since analysis of the

lamellar systemwith the striped domain pattern is most straightforward,

we focus the remaining analyses on this system.
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Figure 5.2: Structural and dynamic properties of the two domains. (A) Side view of the pla-

nar DPPC/DLiPC/cholesterol 0.42/0.28/0.3 system at the end of the simulation, revealing the

molecular organization in both the Lo and Ld phase. The white arrow points at a cholesterol

oriented in between the monolayer leaflets. (B-D) Various properties of the membrane along

the direction perpendicular to the phase boundaries. The Lo phase is centered, flanked by two

periodic halves of the Ld domain. A transition zone separating the two phases is tentatively

indicated by dashed black lines. Green, red, and grey color is used to distinguish properties of

DPPC, DLiPC, and cholesterol. (B) Composition of the membrane, expressed as mol fraction of

each of the three components. Thin lines represent the two monolayers separately, the thicker

line the average. (C) Average tail order parameter for PC lipids (left axis), and membrane thick-

ness (black curve, right axis). (D) Lipid lateral diffusion rate (left axis), and cholesterol flip-flop

rate (black curve, right axis).

5.3.2 Structure of the Lo and Ld phases match experimental data

Figure 5.2B presents a cut through the planar DPPC/DLiPC/cholesterol

0.42/0.28/0.3 membrane at the end of the simulation, revealing the struc-

ture, at near atomic resolution, of the two phases in equilibrium. The

mol fraction of each of the components is quantified in figure 5.2B. The

final composition of the raft-like Ld domain is 0.61/0.01/0.37, almost a
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pure binary mixture of the saturated lipid and cholesterol with only a

trace amount of the poly-unsaturated lipid present. The cholesterol mol

fraction of 0.37 implies a moderate enrichment compared to the overall

fraction of 0.3 and is still well below the solubility limit of 0.66 for choles-

terol in DPPC membranes.109 The final composition of the Ld domain is

0.08/0.75/0.17, indicating that the cholesterol mol fraction is reduced al-

most twofold with respect to a homogeneous mixture. On a qualitative

level, these results agree remarkably well with the compositional anal-

ysis performed for phase separated DPPC/diC18:1-PC/cholesterol vesi-

cles, based on NMR measurements, from which it was concluded that

the Lo phase is strongly enriched in the saturated lipid and moderately

enriched in cholesterol.20 A more quantitative comparison is difficult, as

the precise composition of the domains is highly state-dependent, espe-

cially on the vicinity of the critical point.

As a consequence of the compositional differences between the two

domains, both structural and dynamic properties of the domains differ

significantly. Figure 5.2C shows the average lipid tail order parameter

and the membrane thickness as a function of the position with respect

to the domain boundary. The order parameter indicates disorder of the

Ld domain whereas the Lo domain is characterized by a strong order ap-

proaching that of a gel phase. The unsaturated lipids which are occa-

sionally present in the raft domain are also seen to adapt more ordered

conformations. As a result of the increased order in the raft-like domain,

a concomitant increase in bilayer thickness is observed, from 4.0 nm in

the disordered phase to 4.6 nm in the ordered phase. The increase in bi-

layer thickness of 0.6 nm between the Lo and Ld phase is in quantitative

agreement with AFM 110 and NMR 82 data as well as with results from

atomistic simulations.106 The area/lipid (not shown) follows the opposite

trend, increasing from 0.4 nm2 in the Lo phase to 0.58 nm2 in the Ld phase.
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5.3.3 Dynamic properties show relative fast mobility of cholesterol

The lateral diffusion rates in both phases are of the order of 10−7-10−8

cm2s−1 (figure 5.2D), typical for lateral diffusion rates of lipids in the

fluid phase.111 Based on the above analysis it is concluded that the sys-

tem shows the characteristic Lo/Ld phase coexistence. The difference

in lipid mobility between the Lo and Ld phase is about a factor of five

(averaged over the PC lipids), in agreement with experimental findings
81, 100, 112 which report factors of 2 to 10 depending on system details. In our

simulations, the individual components can be easily traced. Whereas

both PC lipids show very similar diffusion rates across the entire sys-

tem, cholesterol appears to have a relative high diffusion rate in the dis-

ordered phase, which we attribute to its ability to readily flip-flop be-

tween the two leaflets. In the Ld phase, cholesterol flip-flop takes place

on a sub-microsecond time scale at a rate of k = 5µs−1 (figure 5.2D). As

a consequence, there is a non-negligible density of cholesterol residing

in the membrane interior. This is in line with recent combined data 78

from simulation and neutron scattering experiments in which the choles-

terol head group was found to be located embedded in between the two

leaflets for lipids containing two poly-unsaturated tails. The apparent

fast diffusion of cholesterol in the disordered domain arises from this

membrane embedded population, which experiences the relative lower

friction of the membrane interior (see figure 5.4). Diffusion of lipids and

cholesterol is thus partly decoupled in the Ld phase. In the raft-like Lo

phase, on the other hand, cholesterol flip-flops do not occur on the time

scale of the simulations implying a strong coupling of the lateral mobil-

ity between the constituents. Flip-flop of lipids is not observed in either

phase on the microsecond time scale. Exchange of lipids between the

Lo and Ld phases, however, is observed frequently. Normalized per unit

length of the interface between the two phases, the exchange flux J is

of the order 1012 cm−1s−1, corresponding to 10-50 actual exchanges ob-

served per lipid species (over the last 4 µs of the simulation across a total
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length of the interface ≈40 nm). Rates for the saturated lipid (JdiC16−PC =

1.4x1012 cm−1s−1) are approximately three times as high as for the unsat-

urated lipid (JdiC18:2−PC = 0.4x1012 cm−1s−1), mainly as a result of their rel-

ative concentration difference. Cholesterol exchanges significantly faster

(JCHOL = 3.3x1012 cm−1s−1), which we attribute to its enhanced diffusion

rate.
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Figure 5.3: Lateral organization of cholesterol in the Lo phase. (A) Top view of the planar mem-

brane illustrating the typical instantaneous cholesterol organization across the raft-like phase

and the boundary zone. The green and red background represent the positions of the saturated

and unsaturated lipids. (B) Cholesterol-cholesterol radial distribution function, with a solvent

separated peak at a distance of 1 nm (arrow). Results obtained from the current study are dis-

played by the solid line, results based on all-atom simulations 106 are shown by the dashed line

for comparison. Inset: frequency distribution of cholesterol cluster sizes obtained from the sim-

ulation (solid bars) compared to a random distribution (open bars).

5.3.4 Cholesterol’s preference for saturated tails drives phase separa-

tion

According to the literature, cholesterol is a key molecule in the formation

of rafts, both in vivo and in vitro. Below ≈ 10 mol% cholesterol fluid-

fluid phase separation is not observed in model ternary systems. Simu-

lations of binary lipid mixtures without cholesterol indeed do not result
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Figure 5.4: Two cholesterol populations in Ld phase differ in lateral mobility. The lateral mean squared

displacement (MSD) of cholesterol molecules in the Ld phase is shown as a function of time, sep-

arated into the contribution from cholesterol molecules embedded in between the monolayer

leaflets (’interior’) and cholesterol molecules oriented with their headgroup near the interface

(’normal’). From the slope of the MSD curves (solid lines), the lateral diffusion coefficient is

found to be Dinterior = 41±3x10−8 cm2s−1 for the interior population, and Dnormal = 14±1x10−8

cm2s−1 for the normal population. The average rate is Dtotal = 20±1x10−8 cm2s−1, dominated

by the larger fraction of the normal population (normal:interior ≈ 4:1). The value of Dnormal

is close to that obtained for the DLiPC lipids in the Ld phase (compare figure 5.2D of the main

manuscript), implying that the faster average mobility of cholesterol is due to the small inte-

rior population. The circles/diamonds indicate individual data points for the interior/normal

cholesterol populations, separated into two sets arising from the two interfacial slabs (normal)

or two interior slabs (interior) that were used for the analysis.

in macroscopic fluid-fluid phase separation at the same state conditions,

although the mixing of the two components is non-ideal (figure 5.5A).

Simulations of mixtures of DPPC/DLiPC/cholesterol 0.28/0.42/0.3, on
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Figure 5.5: Cholesterol is required to induce formation of large domains. (A) A binary DPPC /DLiPC

3:1 mixture shows no domain formation, although the mixing is non-random. The domain sizes

are similar to those present in the ternary mixture 1 µs after the quench (see Figure 5.1B of

the main manuscript). Note that both domains remain in the fluid phase at T = 295 K (7). (B)

Complete phase separation is observed in the DPPC /DLiPC /cholesterol 0.28/0.42/0.3 and (C)

0.42/0.28/0.3 ternary mixtures at T = 295 K. Green is used for the saturated lipids, red for the

poly-unsaturated ones. Cholesterol is depicted in grey with a white (B) or grey (C) hydroxyl

group.

the other hand, show similar behavior as the 0.42/0.28/0.3 mixture de-

scribed above (figure 5.5B). These results strongly suggest that the pres-

ence of cholesterol in this sytem is a prerequisite for coalescence of the

nanodomains, resulting in macroscopic phase segregation. In connec-

tion to the special role of cholesterol, it is interesting to look in more de-

tail at the lateral organization of cholesterol in the Lo phase. In figure

5.3A a close up of the system is shown revealing a typical cholesterol pat-

tern, characterized by maximization of the contacts between cholesterol

and the (saturated) lipid tails. The radial distribution function, shown

in figure 5.3B, quantifies this behavior. A strong second peak is seen

at a cholesterol-cholesterol distance of 1 nm, corresponding to a solvent

separated cholesterol pair. A smaller peak at 0.5 nm represents choles-

terols in direct contact with each other. The occurrence of such choles-

terol pairs, or higher order aggregates, is suppressed compared to what

is expected for a random distribution (inset figure 5.3B). The ratio of the
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first and second peak of the radial distribution function, 1:1.6, closely

corresponds to that observed in atomistic simulations of pre-assembled

raft-like mixtures.106 Due to the fluid nature of the Lo phase, at distances

exceeding a few nanometers any correlation is lost, as illustrated by the

absence of long-range order in the radial distribution function.

5.3.5 Domain boundary between Lo and Ld phases is diffuse at the

molecular level

Although our simulations do not answer the question why cholesterol

and saturated lipids are attracted to each other, their co-condensation

leads to domains differing strongly in both structural and dynamic prop-

erties. Apparently sharp on a macroscopic level, at the molecular level

the domain boundary interface is rather diffuse. Restricting ourselves to

the compositional measure (figure 5.2), this interfacial region is about 5

nmwide, characterized by a composition in between that of the Ld and Lo

phase. The broadness of the interface is largely a result from thermally in-

duced capillary waves along the domain boundary. Based on fluctuation

analysis 108 we estimate the associated line tension as 3.5±0.5 pN, which

is within the range of experimental values reported for ternary diC18:1-

PC/sphinghomyelin/cholesterol mixtures at room temperature.21 Note

that our estimate of the line tension is based on microscopic fluctuations

which may also include contributions from the natural mixing gradient

which exists between phase separated domains. Especially close to the

miscibility critical point the line tension vanishes and the compositional

mixing correlation length diverges. The large value of the line tension in

our system implies that we are far from the critical point. An indepen-

dent estimate of the line tension based on the pressure anisotropy in the

system indeed gives a similar value compared to the fluctuation-based

value, indicating that the dominant contribution arises from the capillary

broadening.

Our simulations further reveal that the domain boundary interfaces
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Figure 5.6: Driving forces for domain formation. (A) Image showing the overlap of the two raft

domains at the end of the simulation (t = 20 µs). Only the coarse grained beads corresponding

to the phosphate group (PCs) or hydroxyl group (cholesterol) are shown as green solid spheres

for the lower monolayer and transparent yellow spheres for the upper one. The direction across

the domains is indicated by ’x’, along the domains by ’y’. (B) Overlaying instantaneous config-

urations of the domain interfaces in the upper (yellow) and lower (green) monolayer leaflets,

during the last 4 µs of the simulation. Note the difference in fluctuations for the two innermost

interfaces, which oppose the Lo phase versus the outermost interfaces opposing the Ld domain.

(C) Minimization of the perimeter of the domain interface for each of the two monolayers (yel-

low and green curves, left axis), and increase in registration between the domains formed in

both monolayer leaflets, expressed as the surface overlap fraction (black curve, right axis). (D)

Logarithmic probability of the area mismatch versus area mismatch. The solid line denotes a lin-

ear fit of the data in the highmismatch regime, from which the effective surface tension between

the monolayer leaflets is estimated.
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opposing the raft-like domain exhibit larger fluctuations (figure 5.6A,B),

therefore, are energetically less costly. In terms of a line tension, the dif-

ference between the two types of interfaces is significant, 2.5±0.3 pN ver-

sus 4.5±0.6 pN for the domain boundaries opposing the Lo and Ld phase

respectively. The existence of two types of interfaces is unanticipated,

and arises from the slight asymmetric registration of the domains (figure

5.6A,B). Based on the compositional profiles for the individual monolay-

ers (figure5.2B), the difference in the average position of the boundaries

is found to be about 2 nm. These results predict the existence of a small

repulsive effective interaction between the domain boundary interfaces,

possibly of entropic origin.

5.3.6 Domain registration is caused by the existence of a small do-

main surface tension

In addition to this domain interface repulsion, there must exist a counter-

acting driving force leading to the inter-leaflet co-localization (i.e. regis-

tration) of the domains as seen in figures 5.1C and 5.2A and further quan-

tified in figure 5.6C. Experiments on fluid-fluid phase separated bilayers

also show this domain registration.19 A plausible mechanism for mono-

layer coupling is the presence of a small surface tension between the two

leaflets when the two different phases are in contact.95 Assuming that, for

large mismatch areas, the dominant contribution to the free energy of the

system arises from the surface tension γ between the Lo and Ld phases,

we can write P (∆A) ∝ e−γ∆A, with probability distribution P (∆A) of the

mismatch area ∆A. Fitting of ln P in the regime of large mismatch area

(figure 5.6D) gives a surface tension γ = 0.15±0.05 kT nm−2. Even such

a small tension effectively suppresses overhang fluctuations larger than

≈20 nm2 and therefore explains the registration of the domains on the

macroscopic level probed experimentally. On the other hand, in real bi-

ological membranes the coupling is necessarily weaker due to the asym-

metric lipid distribution, offering a possible explanation for the limited
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domain sizes seen in-vivo.

5.4 Conclusions

In summary, we showed that the phase coexistence of a liquid-ordered,

raft-like domain, and a liquid-disordered, non-raft domain can be real-

istically simulated using a recently parameterized coarse grained model.

We should keep in mind, however, that the simulation model used here

is a simplified one, lacking atomistic detail. It would be interesting to

back-transform our equilibrated system to a fine grained representation,

in order to verify our predictions. Our predictions include the existence

of a small surface tension between the domains, driving their registra-

tion, and a short ranged line repulsion between the domain boundaries.

Although many questions remain, simulations such as presented in the

current manuscript will hopefully aid in our understanding of the nature

of lipid rafts, and to many related cell membrane processes such as the

self-assembly of functional protein complexes.



Chapter 6

Appendix: The MARTINI coarse grained model

All systems were simulated using the MARTINI coarse grained force

field.55, 56 For the simulations presented in chapters 2-4 we used version

1.4, in chapter 5 version 2.0 was used. The MARTINI model, which is

based on the work of Smit et al. 113, has been parameterized extensively

over the past five years, using a chemical building block principle. The

key feature is the reproduction of thermodynamic data, especially the

partitioning of the building blocks between aqueous and oil phases. In

a series of applications 13, 55, 70, 114 the model has been shown to reproduce

many properties of lipid membranes.

6.1 Mapping

The MARTINI model uses a four-to-one mapping, i.e. on average four

heavy atoms are represented by a single interaction center, with an ex-

ception for ring-like molecules such as cholesterol that are mapped with

somewhat higher resolution (approximately three-to-one). Solvent is ex-

plicitly included. In this case water is modeled as a combined particle

representing four water molecules.

The model considers four main types of interaction sites: polar (P),

intermediately polar (N), apolar (C), and charged (Q). Within a main

type, subtypes are distinguished either by a letter denoting the hydro-

gen bonding capabilities (d=donor, a=acceptor, da=both, 0=none), or by a
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number indicating the degree of polarity (from 1=low polarity, to 5=high

polarity). For reasons of computational efficiency, in theMARTINImodel

all beads bare the same mass of 72 u.

6.2 Particle interactions

The nonbonded interactions between the CG sites are modeled by a set

of Lennard-Jones potentials and coulombic potentials. In addition, a

set of bonded potentials is used to describe chemical connectivity of the

molecules.

Nonbonded interactions. All particle pairs i and j at distance rij interact

via a Lennard-Jones (LJ) potential:

VLJ(rij) = 4ǫij

[(
σij

rij

)12

−

(
σij

rij

)6
]

, (6.1)

The strength of the pair interaction, determined by the value of the

well depth of the LJ potential, depends on the interacting particle types.

The value of ǫ ranges from ǫij = 5.6 kJ mol−1 for interactions between

strongly polar groups to ǫij = 2.0 kJ mol−1 for interactions between po-

lar and apolar groups mimicking the hydrophobic effect. The effective

size of the particles is governed by the LJ parameter: σ = 0.47 nm for all

normal particle types. For the special class of particles used for ring like

molecules, slightly reduced parameters were defined to model ring-ring

interactions: σ = 0.43 nm and ǫij is scaled to 75% of the standard value.

Charged groups such as the zwitterionic lipid head groups also inter-

act via a Coulombic energy function with a relative dielectric constant erel

(erel = 15 in version 1.4 and erel = 20 in version 2.0) for explicit screening:
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Vel =
qiqj

4πǫ0ǫrelrij
(6.2)

Both the LJ and Coulomb interactions are restricted to short range in-

teractions using a cutoff of 1.2 nm. To avoid generation of unwanted

noise, the nonbonded potential energy functions are used in their shifted

form, in which both the energy and force vanish at the cutoff distance.

The LJ interactions are shifted to zero between 0.9 and 1.2 nm, whereas

the Coulomb potential is shifted to zero between 0 and 1.2 nm. Shifting of

the electrostatic potential in this manner mimics the effect of a distance-

dependent screening. Nonbonded interactions between nearest neigh-

bors are excluded.

Bonded interactions. Bonded interactions are described by the following

set of potential energy functions acting between bonded sites i, j, and k

with equilibrium distance db and angle θa:

Vb =
1

2
Kd(dij − db)

2 (6.3)

Va =
1

2
Ka[cos(θijk) − cos(θa)]

2 (6.4)

The force constants K are generally weak, inducing flexibility of the

molecule at the coarse-grained level mimicking the collective motions at

the fine-grained level. The bonded potential Vb is used for chemically

bonded sites and the angle potential Va to represent chain stiffness.
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6.3 Interpretation of the simulation time scale

Due to the smoothness of the CG potentials, the effective time scale sam-

pled is larger than the actual simulation time. Based on a comparison

of diffusion constants in CG systems and systems modeled at atomic de-

tail, the effective time sampled by the CG model was found to be two-

to tenfold larger.56 When interpreting the simulation results with the CG

model, one can to a first approximation simply scale the time axis. The

standard conversion factor we use is a factor of four, which is the speed

up factor in the diffusional dynamics of CGwater compared to real water.

A similar scaling factor appears to describe the general dynamics present

in a variety of systems quite well. The time scale quoted in this thesis is

therefore an effective time scale, which should be interpreted with care.
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6.4 Modeling of the components used in this thesis

The models of the main components used in this thesis are depicted in

figure 6.4 and described in more detail below.

Figure 6.1: Figure showing the models of the main components used in this thesis. The coarse

grained beads (big transparent beads) are projected on the top of the original atomic structure.

In theMARTINImodel, the lipids DLiPC and also DPPE (not shown) possess the same topology

as DPPC. Distinction with DPPC, however, is made by using different particle types and charges

in bonded parameters (see text for details).

6.4.1 dipalmitoyl-phosphatidylcholine (DPPC)

In the coarse grained representation, the PC head group consists of two

hydrophilic groups: the choline (type Q0) and the phosphate group (Qa).

The former bears a positive charge, the latter a negative one. Two sites of

intermediate hydrophilicity (Na) are used to represent the glycerol ester

moiety. The palmitoyl tails (C16) are modeled by four C1 particles.
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6.4.2 dilinoleyl-phosphatidylcholine (DLiPC)

DLiPC differs from DPPC by the presence of two unsaturated bonds in

both tails. The linoleyl tails (C18:2) are represented by four particles, the

middle two by the C4 type to reflect the more hydrophilic nature of the

unsaturated bonds. The other two tail beads for the linoleyl tails are of

type C1. The central location of the C4 particles in the tail mimics those

present in ω6 fatty acids. Although the resolution of the coarse grained

model is necessarily limited, the closest analogue would be cis,cis-9,12-

octadecadienoic acid (also known as linoleic acid).

Parameters for the poly-unsaturated chains were optimized using all-

atom simulations of Feller et al..77 From quantummechanical calculations

these authors concluded that poly-unsaturated chains show an unusually

high degree of conformational flexibility compared to mono-unsaturated

or saturated chains. To mimic this behavior in the CG model, both the

force constant K and the equilibrium angle θa of the angle potential for

the CG particles representing the poly-unsaturated part of the lipid tails

were reduced from the standard values of K=45 kJ mol−1 to 10 kJ mol−1

and θa = 1200 to 1000. These parameters were further tested by compar-

ing the effective angle distributions obtained from simulations of bulk

poly-unsaturated alkanes, both at the CG and all-atom level. In addi-

tion we compared the level of backfolding (i.e. the tendency of the lipid

tail ends to reside near the interface) in lipid bilayers at both levels of

resolution. The characteristic significant increase in backfolding of poly-

unsaturated lipids is well reproduced at the CG level. The same parame-

ters were recently used to study the interaction of cholesterol and diC20:4-

PC (diarachidonoyl-PC), another ω6 fatty acid containing lipid.78 In this

study the characteristic feature of the experimental neutron scattering

profiles, namely an increased presence of the cholesterol head group in

between the bilayer leaflets, could be reproduced.
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6.4.3 dipalmitoyl-phosphatidylethanolamine (DPPE)

In the CG modeling of DPPE, only the positively charged choline head-

group (Q0) bead differs from the CG model of DPPC. In this case a pos-

itively charged bead of type Qd effectively represents the increased hy-

drogen donor propensity of the amine group.

6.4.4 cholesterol

Cholesterol is represented by eight CG particles. The hydrophilic head

group is modeled as SP1 (where the S denotes the special ring type), the

sterol body by four SC1 and one SC3 particle accounting for the presence

of a double bond, and two tail particles (SC1 attached to the sterol body,

and C1 for the terminal group). To enhance the bending rigidity of the

ring structure in cholesterol, the ring beads are connected by additional

distance constraints.

6.4.5 water

Water is modeled as a single type P4 site, each bead representing four

water molecules.

The parameters and example input files of the simulations described

in this thesis are available at http://md.chem.rug.nl/ marrink/coarsegrain.html.

For further details of the MARTINI model and its applications we refer

to the original publications 55, 56





Chapter 7

Epilogue

Implications

In this thesis we showed that lipid liposomes can be successfully stud-

ied using theMARTINI coarse grainedmodel alongwith theMFFA bound-

ary approach presented. As shown in chapter 2, the MFFA boundary

method has proven to be a useful tool for both the fast formation and

equilibration of the vesicle. Future molecular dynamics studies concern-

ing lipid liposomes can definitely benefit from theMFFA boundarymethod

in combination with artificial pores. Whereas the MFFA boundary ap-

proach speeds up the computations considerably, the use of artificial pores

provides the possibility to determine the equilibrium state of a vesicle.

An important insight which we gained from our studies is the fact that

simulation and equilibration of lipid vesicles appears far from trivial, as

illustrated by the following three findings:

i) Vesicles which are formed by spontaneous aggregation are not nec-

essarily equilibrated. As demonstrated in chapter 3, some optimization

processes which take place in the vesicle, such as the transversal demix-

ing of different lipid types, occur on timescales of microseconds, much

beyond the actual formation time of the vesicle. As a result of these slow

equilibration times, vesicles can still possess a significant pressure differ-

ence between their interior and exterior solvent (cf. section 4.3.1) after

their formation. Many vesicular systems which have been used in the lit-
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erature studies reported so far are likely based on not well-equilibrated

systems.

ii) As shown in chapter 3 the optimal population distribution of lipids

in the membrane is temperature-dependent. Thus one should take care

when simulating a particular vesicle at other temperatures. Strictly speak-

ing, the equilibration has to take place at the temperature of interest. The

same applies to modifications in the composition, or to changes in the

state conditions in general.

iii) In vesicular systems, the use of standard pressure coupling schemes

based on the derivation of pressure from the virial of the whole system

is inappropriate when a pressure difference between the interior and ex-

terior solvent is present. In this case both the coupling to the average

system pressure as well as scaling the system volume with a constant

factor is not correct. A Langevin piston method, as presented in chapter

4, is in such cases required.

Further improvements

The biggest concern of the present boundary methods is the fact that

the liposomal membrane undulations can be restricted and correlated.

Undulations in the membrane are dependent on the thickness of the sol-

vent layer which embeds the vesicle. As hydrodynamic correlations are

long ranged, in practice undulations in the vesicle membrane are arti-

ficially correlated and suppressed in simulations by both periodic- and

MFFA boundary conditions. With the present molecular dynamics tech-

niques, a correct description of membrane undulations would require

an unpractical amount of, computationally expensive, excessive solvent,

rendering the actual aim of the simulation unfeasible. Unfortunately,
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within the solvent shell approach, the problem of having correlated or

suppressed undulations increaseswithmore relevant vesicle sizes. There-

fore there is an increasing need to further develop boundary methods

with implicit flexibility, which would allow a correct representation of

membrane undulations without losing computational efficiency.

Future applications

Within the era of synthetic biology, and the ultimate aim to develop

and control artificial cells, computer modeling of vesicular systems will

become more and more important. Here we list a few potentially inter-

esting applications for the near future:

i) The fact that the local stress environment in a curved membrane

differs from a planar membrane allows the possibility to simulate mem-

brane proteins in different stress environments. Studyingmembrane pro-

teins embedded in a liposomal membrane may provide useful insights

about the specific role of local curvature on structural changes in the pro-

tein. The recently developed code to calculate the 3D local pressure field

allows a quantitative intepretation of the results.

ii) The ability of coupling pressure both inside and outside the lipo-

some independently using the boundary Langevin piston method along

with the ability to locally define the pressure, allows the intriguing pos-

sibility to simulate osmotic shocks. This opens the way to study, for in-

stance, the gating mechanism of mechano-sensitive channels under re-

alistic conditions or to investigate the rupture limit of liposomes under

stress. In addition, the same setup might also form a useful tool to study

stress effects in other systems such as virus capsids.
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iii) At present the simulation of raft formation in ternary lipid systems

is still beyond the computational limit for atomistic simulations. The

coarse grained raft system as presented in chapter 5 can provide realistic

configurations as a starting point for all-atom molecular dynamics simu-

lations. To achieve such change of resolution, coarse-grained configura-

tions of a formed raft can be back-mapped to their underlying atomistic

counterparts using multi-scaling approaches. This enables to study these

systems at the full atomic level of resolution, and, at the same time, can

form the basis for further systematic improvements of the coarse-grained

methodology.

iv) The detailed structure of domain-containing liposomes can be di-

rectly comparedwith experimental data based on neutron scattering tech-

niques. Under the prerequisite that the experimental studied vesicles are

of similar size range and membrane composition, the scattering data can

be directly compared with the data reproduced from the simulated lipo-

some. Such a comparison would provide very useful imformation for

both the interpretation of the experimental data as well and the refine-

ment of the coarse grained model.
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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.





Samenvatting

Lipiden zijn kleine amfifiele moleculen die kunnen aggregeren in verschillende toestanden,

zoals micellen, lamellen en vesikels. In de vesikulaire toestand vormen de lipiden een bolvormige

en gesloten bilaag. Dergelijke vesikels, of liposomen, spelen een belangrijke rol in cel processen

zoals endo- an exo-cytosis (vervoer van stoffen naar binnen en naar buiten), transport binnen de

cel en liposomen kunnen fungeren als reaktoren op een nanoschaal. In demedische wereld wor-

den lipide vesikels vooral gebruikt voor specifiek transport van medicijnen binnen het lichaam.

Lipide vesikels worden ook vaak gebruikt voor het modelleren van een cel in experimenten

van cel processen. De grootte van vesikulaire systemen ’in vivo’ beslaat een lengte schaal van

nanometers tot micrometers (hele cellen).

Dit proefschrift vormt een pionier studie naar de mogelijkheden om vesikulaire systemen te

simuleren met MD (moleculaire dynamica) simulatie technieken. Op een nanoschaal verschaf-

fen experimentele technieken nauwelijks gedetailleerde informatie en juist daar kunnen MD

simulaties een belangrijk steentje aan de beschikbare informatie bijdragen. De beperkende factor

inMD simulaties van vesikulaire systemen is echter de benodigde rekencapaciteit om het gedrag

van dergelijke grote systemen over een significante tijd- en lengte schaal te simuleren. Een robu-

uste methode om zowel de bereikbare tijd- en lengte schaal te vergroten is ’coarse- graining’.

In dit proefschrift gebruiken we het MARTINI coarse-grained model. In het MARTINI model

worden een bepaald aantal geselecteerde atomen in een molecuul gemodelleerd tot slechts een

’bolletje’ of cordinaat. Hoewel atomistische details in eenmolecuul hierdoor weliswaar verloren

gaan, wordt het aantal vrijheidsgraden in het systeem drastische gereduceerd. Ook maken de

zwakkere interacties in het coarse-grained krachtenveld en de grotere massa van de deeltjes

effectief een grotere simulatie tijd stap mogelijk: 100 fs, hetgeen vijftig keer groter is dan de tijd-

stap in atomistisch detail (2 fs). Echter, zelfs met het gebruik van coarse-grained MD simulatie

technieken bleek de vesikel grootte in de literatuur tot nu toe gelimiteerd tot een diameter van

rond de 20 nanometer. Helaas, deze 20 nm diameter vormt net de experimentele bereikbare

onder-limiet (sonication technieken). Om nog grotere en daardoor meer relevante vesikels te

kunnen simuleren, moet men een methode ontwikkelen die de benodigde rekencapaciteit gere-
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lateerd aan de grotere lengte- en tijd schaal nog verder verkleint. De meeste rekencapaciteit

in vesikulaire systemen gaat verloren aan simulatie van het omringend water. Het is daarom

nodig het omringend water zoveel mogelijk te beperken zonder de vloeistof eigenschappen van

het water aan het membraan oppervlak te verliezen. In hoofdstuk 2 introduceren we een meth-

ode die het mogelijk maakt de efficintie van vesikulaire simulaties te vergroten. De methode

vergroot de rekensnelheid water door middel van MFFA (Mean Field Force Approximation)

grens-potentialen, die het mogelijk maken om water te elimineren dat zowel binnen als buiten

het vesikel-membraan omringt, zonder daarbij de eigenschappen van water aan het membraan

oppervlak te benvloeden. Daarnaast versnelt deze methode de formatie en equilibratie van

vesikels vanuit random lipide mengsels in water. Het gebruik van deze methode resulteerde

uiteindelijk in de formatie van vesikels op een nanoseconde tijdschaal, met een grootte varirend

van 20 tot 60 nm diameter, zonder enig waarneembaar effect van de grens potentialen op de

structuur.

Er is reeds veel bekend over de moleculaire pakking van lipiden in niet gekromde bila-

gen. Momenteel is er echter nog weinig bekend over de structuur en eigenschappen van sterk

gekromde bilagen. In hoofdstuk 3 werd daarom ruim aandacht besteed aan het effect van tem-

peratuur en membraan compositie op de structurele eigenschappen van liposoom membranen

in de limiet van sterke kromming (liposomen met een diameter van 15-20 nm), gebruik makend

van coarse-grained simulaties. Zowel pure dipalmitoyl-phosphatidylcholine (DPPC) liposomen

en binaire mengsels van DPPC en een lipide met een geinverteerde cone-vorm (vormt gen-

verteerde micellen) zoals dipalmitoyl-phosphatidylethanolamine (DPPE) of poly-unsaturated

dilinoleyl-phosphatidylcholine (DLiPC)werden gemodelleerd. Geequilibreerde liposomen besch-

ikken over opmerkzame eigenschappen. Wij laten zien dat kromming de membraan dunner

maakt en ook de thermische expansie verlaagt. In de binnenste monolaag zijn de lipide kop-

groepen dicht op elkaar gepakt en gedehydrateerd, en zijn de lipide staarten relatief geordend.

Tegenovergestelde pakking effecten zijn zichtbaar in de buitenste monolaag. Hier beschikken

de lipide kopgroepen juist over veel ruimte en zijn de lipide staarten sterk geordend en op

elkaar gepakt. Daarnaast laten lipide staarten in de buitenste monolaag sterker ’terug-vouw’

gedrag zien, waarbij de staarten omvouwen richting de kopgroep. In de binaire lipide mengsels

bestaat er een duidelijk drijvende kracht voor het transversaal ontmengen van de twee verschil-

lende componenten in gekromdemembranen, waarbij de binnenstemonolaagmet name verrijkt

wordt met DPPE. Deze waarneming is in overeenstemming met het concept dat genverteerde

cone-vorm lipiden een voorkeur hebben voor pakking in een concaaf volume zoals in de bin-

nenste monolaag. Echter, onze resultaten laten ook zien dat DLiPC geen significant transversaal

ontmeng gedrag vertoont hetgeen wij wijten aan de sterkere relatieve voorkeur voor het ’terug-

vouwen’ van de onverzadigde lipide staarten in de buitenste monolaag. Dit fenomeen geeft een

indicatie over de mogelijk belangrijke rol die onverzadigde lipiden spelen in biologische mem-

branen door zowel positieve als negatieve kromming te stabiliseren.

Lipiden in de gel fase vormen sterk geordende en dicht gepakte structuren. In de limiet
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van sterke kromming, zoals in kleine liposomen, zijn de twee monolagen sterk asymmetrisch

en bezit zowel concave als convexe krommingen. Het bestaan van gel domeinen in een sterk

gekromde bilaag lijkt daardoor paradoxaal en brengt hoogst waarschijnlijk een sterke struc-

turele reorganisatie teweeg. Hedendaags is er weinig bekend over de kinetische barrires die

kleine liposomen moeten overwinnen gedurende de faseovergang van de vloeibaar kristalli-

jne fase naar de gel fase. Ook is er verder weinig bekend over de reorganisatie van de bilaag

structuur in een klein liposoom gedurende dergelijke fase overgangen. In hoofdstuk 4 richtten

we ons op de kinetische en structurele aspecten die verbonden zijn met de formatie van gel

domeinen in kleine liposomen. We observeerden dat afkoeling van kleine liposomen tot onder

de faseovergang temperatuur (smeltpunt) niet leidt tot de formatie van gel domeinen binnen

de tijdschaal van de simulatie. Dit verschijnsel valt mogelijk te verklaren door het feit dat de

oppervlakte van het membraan vrijwel gelijk blijft na afkoeling. Het behoud van oppervlakte

is te wijten aan de sterk verlaagde membraan permeabiliteit bij lage temperaturen. Om selec-

tief het effect van kromming op de faseovergang te scheiden van het effect van het oppervlak

behoud, werden er ook simulaties gedaan naar niet-gekromde bilagen met invariabele mem-

braan oppervlaktes. Om het probleem van oppervlak behoud in liposomen te omzeilen, werden

er kunstmatige gaten in de membraan gentroduceerd. Deze methode resulteerde inderdaad in

de formatie van gel domeinen bij afkoeling tot onder het smeltpunt. De faseovergang, van de

vloeibaar kristallijne fase naar de gel fase, verliep volgens verschillende kenmerkende etappes

en leidde uiteindelijk tot sterk gedeformeerde bevroren liposomen.

In hoofdstuk 5, wordt het MARTINI coarse grained model toegepast om de eigenschap-

pen van zogenaamde ’raft’ domeinen op moleculair niveau te bestuderen. Gedetailleerde in-

formatie op dit niveau is nauwelijks beschikbaar met de huidige experimentele technieken. We

zijn er in dit hoofdstuk in geslaagd de fasescheiding van een verzadigde phosphatidylcholine

(PC)/onverzadigde PC/cholesterol mengsel in de vloeibaar geordende- en ongeordende fase te

simuleren. De structurele en dynamische eigenschappen van de twee verkregen fasen komen

overheen met de beschikbare experimentele data. Op semi-atomistische schaal laten de simu-

laties zien dat zowel de beide domeinen als het grensgebied tussen deze domeinen over op-

merkelijke kenmerken beschikken. Daarnaast voorspellen we de aanwezigheid van een opper-

vlakte spanning tussen de beide monolagen, die de domeinen in de verschillende monolagen

lijkt te koppelen. Op moleculair niveau laten raft vormende lipide mengsels een verassend

gezicht zien met mogelijke implicaties voor vele processen in het cel membraan.
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