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Preface

Groningen? Where is that?

the Author

When a colleague in my previous group suggested I apply for a position in Gronin-
gen, I was skeptical, to say the least. During my further search for a suitable group,
topic and location to obtain my doctorate, however, I found myself strangely at-
tracted to this small city in the north, and the idea of leaving Germany for the
Netherlands appeared less and less unreasonable.

Now that I am writing these lines, I have finished a four years contract in
Groningen and can say that the idea was quite reasonable indeed, and that al-
though living here was not how I had imagined (except for the weather which
exactly matched my expectations), it was well worth it. Groningen is a beau-
tiful city inhabited by a fascinating mixture of Dutch, Frisians, and almost any
other nationality, which I have found to greatly enrich my life by exposing me to
very different mentalities and temperaments. While this internationality makes
English a viable option for communication, I personally found that in order to
get the most out of your time in the Netherlands, knowledge of the Dutch lan-
guage greatly helps to get to know the locals. As an additional benefit, words like
knuffelbeest, stapelslaper, gratismonster and bommelding make learning Dutch a
very entertaining experience, at least if you happen to be German. The fact that
Groningen is a student city served to provide opportunity for many interesting
discussions and the broad spectrum of courses offered in and around the city gave
me ample opportunity to pursue different interests. The only thing a bit lackluster
is the landscape around Groningen, but fortunately the province Drenthe is close
enough to provide a quick fix of trees and naturally running water if needed, and
in case that that is not enough, the island Schiermonnikoog is only a short bus
ride and ferry transfer away.

Scientifically, I spent most of the time in Groningen studying the topic of
lipid membrane fusion, which turned out to be interesting and challenging, as will
be described on the following pages. I learned a lot, both from conducting my
research and from my once-per-year supervision of an exercise group for students.

As a project of considerable size and duration, many people contributed in one
way or another to the completion of this thesis, and I wish to express my gratitude
for the help and stimuli I received, and for the great time I had in general.

First of all, I would like to thank my promotor Siewert-Jan Marrink for having
been a very approachable and pleasant-to-work-with supervisor whose impres-

iii



iv PREFACE

sively positive outlook on life would have been worth coming to Groningen all
by itself, and my copromotor Alex de Vries, whom I have found to be a genuine
admirer of the beauty of science and who was always willing to unbiasedly discuss
my many questions.

I would also like to thank my colleagues: Durba for using her skills in social
intrigue for (mostly) noble purposes, Jelger for being Jelger (which is meant as
a compliment), my roommates Frans and Martti for being great guys to share
an office with, with special thanks to Frans for his tirelessness in talking Dutch
with me, and special thanks to Martti for his exceptional helpfulness, and all of
my other fine colleagues, Andrzej, Djurre, Magda, Aldo, Tsjerk, Ying, Marlon,
Lars, Somer, Martin, Hao, Renee, Daniela, Cesar, Xavier, Monica, Ruud, Kamil,
Pieter, Hilda, Jolanda, Nicu, Katy, Samuli, Klaas, Alia and Meike, each of which
has made my life in Groningen a bit more special than it would otherwise have
been, including the inevitable one or two that I forgot to name.

Another important group I wish to thank is the many inspiring teachers I had
the pleasure of learning from, both during my stay in Groningen and before I
came here.

In direct connection with the completion of this thesis, I am grateful to the
members of my manuscript approval committee for the time they spent on reading
my thesis and to Djurre de Jong for helping me with the Dutch summary.

Special thanks go to my paranymphs. Nai-Hua, I consider myself lucky to
have met you and am very thankful for the support you have given me in the last
years. You are definitely one of the reasons I enjoyed my time in Groningen as
much as I did. Martijn, we should have talked more often.

Zu guter Letzt möchte ich auch meinen Eltern herzlich danken, ohne die dieser
Arbeit wichtige Grundlagen gefehlt hätten.

Marc Fuhrmans

Groningen, April 2010



Chapter 1

Introduction

God could cause us considerable embarrassment
by revealing all the secrets of nature to us: we should

not know what to do for sheer apathy and boredom.

Johann Wolfgang von Goethe

Membranes composed of lipids define the boundary between interior and outside
in all of cellular life, and on top of that establish a complex compartmentalization
that is indispensable for a large range of vital functions in all but the most prim-
itive organisms. As such, the study of lipids is a topic of great scientific interest
simply by virtue of its importance.

However, their biological relevance is not the only reason to devote time and
effort to lipids. While it is the behavior of lipid aggregates that provides cells
with the delicate balance between stability and plasticity needed for such tasks as
fusion, fission and transport, this behavior is a fascinating topic in its own right,
displaying a remarkable contrast between the diversity and complexity of shapes
adopted and the relative simplicity of the underlying lipid building blocks.

And, last but certainly not least, lipid polymorphism is a very beautiful topic
with a great appeal to the human imagination. If the beauty of science lies in
the establishment of order in the phenomena of nature, then lipid polymorphism
is one of those areas where the order is especially visible within the manifested
phenomena themselves, indicating the richness and complexity of shapes hidden
within each individual lipid.

Due to the topic’s intimate connection to shape, it is also a topic asking for vi-
sualization while being invisible to the human eye. For this purpose, experimental
techniques face difficulties, especially when the focus is on the dynamic processes
underlying topological changes of the lipid aggregates. Computer simulations, on
the other hand, are intrinsically visual techniques, but face different limitations
concerning the accessible system sizes and time scales. However, with the steady
increase of available computational power and improvements in the efficiency of
the methods, simulational techniques can be seen as a powerful tool for the study
of lipid aggregates, especially when using simple models for the representation of
the molecules and their interactions.

1



2 CHAPTER 1. INTRODUCTION

While the intrinsic reliance on models can be seen as a source of concern when
it comes to the reliability of conclusions based on simulational data, it is not
entirely of disadvantage. In fact, the use of a model eliminates hidden variables,
allowing researchers to study a system that is completely known. In principle,
it is therefore possible to observe the level of phenomena encountered in direct
dependence on the interactions included in the model, making simulations an
especially interesting method to use and one well suited for the study of lipid
polymorphism.

On the following pages, some attempts at shedding light on the process of mem-
brane fusion will be presented, using molecular dynamics simulations based on a
coarse-grained model. In particular, the presentation is organized as follows:

• Chapter 2 will start with a short introduction to the basic concepts needed
to understand the work presented and provide the context for the later
chapters.

• In Chapter 3, the general feasibility of simulating vesicle fusion with our
model is assessed, and evidence for an alternative fusion pathway is pre-
sented.

• Chapter 4 investigates the effects of the Influenza HA fusion peptide on
stalk formation and the phase diagram of representative mixtures of lipids
and water. In addition, the single diamond phase, a previously unreported
bicontinuous cubic phase, is described.

• Chapter 5 presents a program for the morphological analysis of coordinate
sets representing binary mixtures, using the technique of morphological im-
age analysis to characterize the global geometry and topology of the system
in terms of Minkowski functionals. As an extension of this method, the
determination of local curvatures is described.

• Chapter 6, finally, deals with a somewhat different topic – the effects of
introducing bundling, i.e. relative restraints on groups of molecules, to the
SPC water model, which is required for the simultaneous representation of
water at the fine- and coarse-grained level in multiscaling simulations.

• Chapter 7 concludes the presented work with a summary and outlook.



Chapter 2

Background and theory

Nothing exists in itself.

Herman Melville

Before we can go into the actual discussion of my work, it is necessary to establish
the context it has to be seen in. To that end, this chapter will introduce the
general background and theoretical framework of my thesis.

2.1 Molecular dynamics

With the possible exception of Chapter 6, little knowledge of molecular dynamics
is needed to understand the work presented in this thesis, and the method will
quietly remain in the background, leaving the stage to what it served to bring
about. Nevertheless, or maybe rather because of that, I feel it necessary to give a
brief introduction to how molecular dynamics accomplishes what it does. While
the aim is to keep this part general, it is primarily an introduction of the methods
used in this thesis and as such necessarily a selection1.

2.1.1 Basic molecular dynamics

Molecular dynamics is a method for the simulation of molecules with the help
of computers. The molecules are described as a number of particles or interac-
tion sites, which in the most straightforward case represent the atoms comprising
the molecules in a one-to-one correspondence. Every particle is associated with
three unchanging parameters defining its mass, charge and type, and two variable
vectors describing its position x and velocity v.

Interactions between particles fall into two categories: non-bonded and bonded.
Non-bonded interactions connect all possible groupings of particles up to a certain
group size, e.g. every pair, triple, etc. with at least one potential. A common
choice is to use two pair potentials, a Coulomb potential reflecting charge-charge

1For a broader perspective on molecular dynamics, the reader may consult [1, 2]. Other than
that, no references will be given in this section. Original publications and further information
will be given in the methods sections of the respective chapters.

3



4 CHAPTER 2. BACKGROUND AND THEORY

interactions and a Lennard-Jones (12-6) potential, mimicking long-range van-der-
Waals attractions and short-range Pauli repulsion, whose parameters are listed for
every possible pair of particle-types. As such, non-bonded interactions describe
the interactions that can be systematically ascribed to particle properties alone.
Bonded interactions, on the other hand, describe the more individual restrictions
imposed on the relative position of particles that belong to the same molecule
and have to be explicitly defined for every restriction. To that effect, potentials
depending on the positions of two, three or four particles are introduced, repre-
senting the molecular “skeleton” as bonds, angles and dihedrals, respectively.

The actual simulation, that is the propagation of the particles’ positions
through time, cannot be accomplished in a smooth, continuous fashion for any
but the most simple systems due to the interdependency of the particles’ motion.
One therefore has to settle for a numerical, stepwise solution, calculating the ap-
proximate positions after a timestep ∆t from values known from previous steps.
Expressing the positions at t + ∆t and t − ∆t as (infinite) Taylor expansions of
x(t±∆t), it is possible to eliminate all terms of uneven order by adding the two
expressions. Ignoring terms of order O(∆t4) and higher, the only value needed
for the computation of x(t + ∆t) not immediately available from previous steps
is ẍ(t) – the acceleration. However, since the potentials connecting the particles
are known, the resulting forces and therefore the accelerations can be calculated.
In addition, interpolated velocities at half timesteps t + ∆t/2 can be introduced
as the difference between the positions at t+ ∆t and t divided by ∆t. With these
relations, it is possible to calculate new velocities at t + ∆t/2 using velocities at
t − ∆t/2 and accelerations at t, and new positions at t + ∆t using positions at
t and velocities at t + ∆t/2, iteratively propagating the simulation in a leapfrog
fashion along the way.

While it is desirable to use a large timestep in order to cover the most time
with every step, the permitted stepsize is limited by the complexity of the model
used, since the region in which the introduced approximations are valid is smaller,
the more rugged the potential landscape is. A too large timestep will carry the
simulation into unrealistic regions of phase space2. However, even with a small
timestep, the sheer amount of necessary calculations will lead to an accumulation
of neglected higher order terms and numerical error and cause global properties
of the system, i.e. pressure and temperature, that ought to be conserved3 to
gradually drift over time. While more subtle than the effects of using a too large
timestep, this effect nevertheless needs to be avoided, which can be accomplished
by coupling the drifting properties to a reference value by scaling the positions
and velocities in a direction that drives the coupled property towards the default.
An example is the weak coupling scheme introduced by Berendsen, in which the
scaling is performed so that deviations from the default decay exponentially with
time.

2meaning the space whose coordinates are given by the total of the particles’ position and
momentum vectors

3at least at equilibrium
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2.1.2 Efficiency enhancements

What has been described so far is in principle sufficient to run a basic molecular
dynamics simulation, but it is not very economic. The most time-consuming
step is the calculation of the forces, making it attractive to omit some of the
interactions defined in the model. While it is not possible to ignore any of the
bonded potentials, many of the non-bonded interactions are so weak that they
contribute little to the outcome of a simulation. Since both the Coulomb and
Lennard-Jones potential decay at larger distances, only including non-bonded
interactions within a certain cut-off can greatly enhance the performance of a
simulation, while resulting artifacts can be minimized by shifting the potentials
to smoothly decay to zero at the cut-off and introducing a correction for charged
particles mimicking the force such particles experience due to the polarization
they induce in their surroundings. In addition, the distance particles travel in a
single timestep is so small, that only the interactions between particles in very close
proximity differ significantly between consecutive timesteps, especially since those
close to the cut-off are comparatively weak in the first place. It is therefore possible
to introduce a second, smaller cut-off, beyond which non-bonded interactions are
only calculated for the first of a number of steps and reused in the following steps
until the next calculation.

Another possible improvement in computational efficiency stems from the fact
that the permitted size of the timestep is not only limited by the ruggedness
of the potential landscape, but also by the velocity of the particles. If there
are some particles in the system that have a much lower mass than the rest,
e.g. hydrogens, their movements will usually be the fastest in the system. At
the same time, however, these movements will have little effect on the dynamics
of the particles of higher mass and can be regarded as decoupled. Unless one
is specifically interested in them, it is therefore safe to constrain these degrees
of freedom to their equilibrium value, trading some extra calculations for the
possibility to use a larger timestep.

2.1.3 Modeling strategies

It is common to refer to the set of potentials describing the interactions between
particles as model, representation or forcefield, and to separate them from the
parameters used for the simulation. However, the simulation parameters will
affect the behavior of the model, and are therefore in practice inseparable from it.

When determining the particle types and interactions used for a model, the
aim is usually to study some aspect of reality the underlying relations of which
cannot be solved analytically. One approach is therefore to create a system in
which all interactions are known in order to study the resulting behavior. For this
purpose, it is most meaningful to create a model that is either so simple that the
behavior can indeed be understood as consequence of its interactions or to create
a model whose interactions mimic known principles as accurately as possible in
the hope of gaining insight into an aspect of reality that does not lend itself to
direct observation.
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Alternatively, it is possible to attribute less meaning to the model itself, seeing
the defined interactions as little more than means to the end of effecting a certain
behavior. In this approach, the model is tuned to display a number of basic
properties, studying what complex behavior can be observed as a consequence
and superposition of the simple input-properties.

Another distinction between models can be made with regard to the level
of detail of the representation. Since molecular dynamics is based on classical
mechanics, an all-atom representation in which the interaction sites have a one-to-
one correspondence to atoms is the natural upper limit to the possible resolution
a model can have. However, many of the degrees of freedom contained in such a
representation are of little relevance to a large number of questions. For these,
choosing a model with fewer degrees of freedom will greatly increase the speed at
which the phase space is sampled, making coarse-grained models in which more
than one atom are mapped to a single interaction site attractive.

An example is the coarse-grained MARTINI model which has been used for
most of the work presented in this thesis. In this model, the interaction sites rep-
resent on average four atoms and are assigned a type based on their polarity. This
type governs the strength of a Lennard-Jones (12-6) pair potential, the interaction-
levels of which have been parametrized to effect the proper partitioning behavior
of polar and apolar particles, and realistic densities and relative diffusion rates.
In addition, the particles are assigned a charge by which they interact through
a Coulomb potential, and are connected by bonded potentials describing bonds,
angles and dihedrals4.

While much can be gained by choosing the proper model for a given question,
purely fine- and coarse-grained models both have limitations that cannot be over-
come. A combination of multiple levels of representation, on the other hand, might
open new possibilities. To this end, new methods are presently being developed,
enabling the smooth switching between different representations and their simul-
taneous use in single simulations, both in a temporal and spatial sense.

2.2 Geometrical concepts

For the discussion of lipid polymorphism, the main topic throughout this thesis,
a precise concept of shape is indispensable. This section will therefore present
curvature as a measure of the local shape of interfaces, and morphology as a
characterization of the global properties of the regions of space enclosed by these
interfaces.

4A detailed description of the MARTINI model can be found in the Appendix of this thesis.
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Figure 2.1: Illustration showing how to obtain the curvature of a planar curve. The
unit normal vectors corresponding to the points passed during progressing a distance
∆s along the curve are mapped to the unit circle. The length of the dimensionless arc
swept out by this mapping is the change of direction ∆θ.

2.2.1 Curvature

Planar curves

For a planar curve, its curvature k at a given point is defined as the rate with
which its direction changes while progressing an infinitesimal distance ds on the
curve:

k =
dθ

ds
= lim

∆s→0

∆θ

∆s
. (2.1)

The change of direction ∆θ can be obtained as the length of the dimensionless
arc the unit normal vector5 sweeps out when the vectors for all points passed on
the curve are mapped to the unit circle, as illustrated in Fig. 2.1. The results are
independent of the direction of progress along the curve, with the curvature’s sign
depending on the choice of orientation for the unit normal vector.

Surfaces

In analogy to the definition for planar curves, the curvature K of a surface at a
point P can be defined by the area ∆G swept out by the projection of the unit
normal vectors for every point within a connected area patch containing P onto
the unit sphere, divided by the corresponding area ∆F on the original surface in
the limit ∆F → 0:

K = lim
∆F→0

∆G

∆F
. (2.2)

5or alternatively the unit tangent vector
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Figure 2.2: Sketch illustrating the concept of principal curvatures. Using the normal
vector (bold arrow) at the point as a reference, a set of planes containing the normal
vector can be obtained. Each of these planes, which can be converted into each other by
rotation around the normal vector, contains a planar curve defined by its intersection
with the underlying surface (dotted line), for which the curvature is defined via Eq. 2.1.
When rotating the normal plane, the minimum and maximum value assumed by the
curvature of these planar curves are the principal curvatures of the surface at that point.

The curvature K defined in this way is known as the Gaussian or total curvature.
Unlike the curvature k for planar curves, however, the Gaussian curvature does
not uniquely define the shape of the underlying surface at that point.

For a full characterization of the local shape, it is necessary to introduce the
concept of principal curvatures. To that end, we note that the local shape of a
surface at a point P is completely determined by the entirety of the curvatures
of the geodesics running through P, that is the planar curves that are defined as
the intersections of the surface with all planes containing the normal vector at P,
as illustrated in Fig. 2.2. Due to the local symmetry of these curvatures around
the normal vector, however, only the minimum and maximum values k1 and k2

6

are needed to uniquely define the shape of a regular surface at any point.

It can be shown from analytical considerations that the product of the principal
curvatures is equal to the Gaussian curvature:

K = k1k2. (2.3)

6which lie in orthogonal directions
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Introducing the mean curvature H as the average of the principal curvatures,

H =
k1 + k2

2
, (2.4)

H and K together unambiguously describe the local curvature of a surface.

Positive and negative curvature

Only for the Gaussian curvature, the sign of the curvature is unambiguous and
allows the distinction of hyperbolic (K < 0), parabolic (K = 0) and elliptic
(K > 0) regions. For the curvature of curves and consequently principal and
mean curvature, there is no clear meaning attached to negative and positive values,
except that they are distinct.

If we use curvature to describe physical systems, however, we usually deal
with surfaces that separate clearly distinguishable regions. In these cases, it is
customary to make the choice of sign for the principal curvatures dependent on
which region the corresponding geodesic embraces at that particular point.

2.2.2 Morphology

In the previous section, we have described the local shape of surfaces in terms of
curvature. What is missing is a characterization of the more global properties of
geometrical objects in the sense of their overall shape and connectivity, which is
referred to as morphology.

Minkowski functionals

Examples of measures φ characterizing the shape of geometrical objects are area
and perimeter in two dimensions, or surface area and volume in three dimensions.
All of these share two properties: motion-invariance and additivity. The first
implies that these measures do not depend on the object’s position and orientation
in space and therefore have identical values for congruent objects. The second
demands that the measure of any object P is the sum of the measures of the
non-overlapping subsets for any partition of P , which is equivalent to demanding
that

φ(P1 ∪ P2) = φ(P1) + φ(P2)− φ(P1 ∩ P2) (2.5)

for any two objects P1 and P2.
For the special case of geometrical objects that belong to the convex ring

R, that is the family of subsets of Euclidean space that can be expressed as
finite unions of compact convex sets, it has been shown that there is only a
limited number of independent measures that have these two properties. For
d dimensions, any motion-invariant additive functional on R can be written as a
linear combination of d+1 so-called quermassintegrals or Minkowski functionals
[3, 4]. These Minkowski functionals correspond to basic geometrical aspects of
the system. For three dimensions, they are proportional to the occupied volume,
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the surface of that volume, the integrated mean curvature of that surface and the
object’s Euler characteristic7.

However, while the Minkowski functionals allow a systematic characterization
of important properties of geometrical objects, the morphological description given
is not complete, and it is not generally possible to reconstruct the underlying
object from the values of the Minkowski functionals alone.

Morphological image analysis

A d-dimensional black and white digital image is a set of pixels, each of which
has the same dimensionality as the image. The pixels have edges of uniform
length that are aligned with the orthogonal dimensions. If one focuses on what is
depicted, that is the positive (e.g. the black) pixels, this can be seen as a region
of d-dimensional Euclidean space that possesses a distinct shape defined by the
number of positive pixels and their relative position.

As such, digital black and white images are a special case of objects belonging
to R. For these, the extraction of the Minkowski functionals is especially easy
and can be accomplished by simply counting the number of pixels and pixel-
components8 comprising the image, where pixel-components shared by multiple
pixels are counted only once [4]. For a three-dimensional image one therefore only
needs the number of pixels, which in three dimensions are called voxels, and the
number of faces, edges and vertices these consist of. The exact relation between
these and the geometrical properties corresponding to the Minkowski functionals
is given in Chapter 5, Table I.

2.3 Lipid polymorphism

Lipids are a class of chemical compounds that possess a low solubility in polar
solvents. Most lipids are amphiphilic, implying they have both hydrophobic and
hydrophilic parts, the classic example being phospho- and sphingolipids which
possess one or two flexible hydrocarbon tails covalently bound to a polar, often
charged or zwitterionic headgroup.

This section will introduce the nature of lipid aggregates and describe two
successful models used to reduce the complex phenomena encountered in the study
of mixtures of lipids and water to simple underlying principles9.

2.3.1 Lyotropic phases

Lipids and other amphiphiles have the unique ability to form lyotropic phases
when mixed with water. These phases possess both liquid- and solid-like qualities

7the latter is an integer number that is a measure of the volume’s connectivity and propor-
tional to the integrated Gaussian curvature of its surface

8i.e. the sequence of pixels of lower dimensionality down to the vertices of dimensionality
zero

9A general introduction to this topic can be found in [5].
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Figure 2.3: Illustrations of typical motifs encountered in lyotropic phases adopted
by lipids. Shown are a regular micelle (A), three cylinders of an inverted hexagonal
phase (B), one unit cell of an inverted double cubic bicontinuous phase corresponding
to the Schwarz P surface (C), a stalk (D), and two lamellae of a lamellar phase (E).
Exclamation marks indicate regions of unfavorable packing.

in the sense that they show no short-range order in the arrangement of molecules
but still maintain a crystal-like long-range order.

As liquid crystals, lyotropic phases are characterized by their symmetry. The
main feature used to order the different phases, however, is the mean curvature
of the interface between polar and apolar components. As such, one can state a
clear sequence from spherical to cylindrical to planar configurations, where both
regular and inverted forms exist for the spherical and cylindrical systems.

If we adopt the convention of assigning positive mean curvature to a sphere
filled with apolar moieties in a polar environment, the highest mean curvature
is encountered in micellar phases in which the lipids form spherical aggregates
with the headgroups lining the surface of the sphere and the hydrophobic tails
towards the center (Fig. 2.3 A). Consistently, the highest negative mean curva-
ture is encountered in inverted micellar phases, where spherical cavities of water
are surrounded by lipid headgroups and the hydrocarbon tails fill the remaining
space. Both regular and inverted micellar phases can possess several symmetries,
depending on which packing is optimal for the given conditions.

Cylindrical phases, in which linear tunnels filled with either polar or apolar
moieties run through a matrix of the other moieties with the lipid headgroups
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lining the interface are typically encountered with hexagonal symmetry. The
regular hexagonal phase where the lipid tails fill the cylindrical tunnels has positive
mean curvature, and the inverted hexagonal phase where the tunnels are filled by
water has negative mean curvature (Fig. 2.3 B).

Finally, the planar configurations have zero mean curvature. These are called
lamellar phases and consist of stacked lipid bilayers, in which parallel planar
interfaces are lined with lipid headgroups, alternatingly separated by hydrocarbon
tails and water (Fig. 2.3 E).

In addition, several intermediate phases with non-zero mean curvature have
been reported. These correspond to less homogeneous geometries than the micel-
lar, cylindrical and planar phases. These are the doubly periodic mesh phases10

and the triply periodic cubic phases.

The mesh-phases can best be described in terms of stacked bilayers similar to
the lamellar phase. However, either the lipid bilayers or the water layers have
holes filled with the moieties from the other layer. The arrangement of the holes
determines the symmetry of the phase, rhombohedral as well as tetragonal and
monoclinic configurations are possible. As before, regular and inverted phases are
distinguished. Regular phases have holes penetrating the lipid bilayers (pores)
and display positive mean curvature, whereas negative phases have lipid bridges
(stalks, Fig. 2.3 D) crossing the water layers and display negative mean curvature.
In both pores and stalks the interface is regarded as lined with lipid headgroups.

The triply periodic cubic phases are bicontinuous phases in which both the
polar and the apolar moieties are continuous in all three dimensions. These phases
are believed to generally correspond to certain triply periodic minimal surfaces
that have the peculiar property of having zero mean curvature at every point of
the surface. So far, bicontinuous cubic phases corresponding to the Schwarz (P)
(Fig. 2.3 C), the diamond (D) and the gyroid (G) surface have been reported, in
which the minimal surface corresponds to the midplane of a (curved) lipid bilayer.
The topology of these phases can be described as two separate but interwoven
networks of water channels, isolated by the lipid bilayer, making them double
phases, since two isolated compartments exist for at least one of the components.
For the P, D and G surfaces, those two compartments are congruent, although this
is not a formal requirement of a double phase. Both regular and inverted phases
are defined, even though only inverted phases like the ones described above have
been reported for lipids. The hypothetical regular phases correspond to tubular
networks of lipids running through a matrix of water.

2.3.2 Theoretical aspects

The general driving force behind the formation of phases is the energetic cost of
mixing moieties of different polarity. Simply put, a phase is the attempt to isolate
the lipid tails from the aqueous environment. The result is an interface, lined by

10This name is not used consistently throughout the published literature. In this book, we
adopt the notion of mesh phases referring only to the doubly periodic, non-cubic stalk- and
pore-phases.
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the lipid headgroups.

Surfactant parameter

Assuming that there is a fixed amount of matter in a system, and given the low
compressibility of liquids, a simple characterization of a system can be given as the
surface-to-volume ratio of the lipid aggregate. While seemingly crude, this char-
acterization is surprisingly powerful if analyzed systematically. Since the lipids in
the aggregate can be seen as individual building blocks each of which contributes
an amount of area to the interface corresponding to the size of its headgroup and
occupies a specific volume with its tails, it is clear that the composition of the
system directly gives rise to a preferred surface-to-volume ratio of the aggregate11.

In addition, even though the lipids are relatively flexible molecules especially in
the tail region, for energetic as well as entropic reasons it is favorable for all lipids
to assume roughly similar shapes in the aggregate, allowing the building blocks
to be treated as possessing an approximate shape. This assumption imposes
further restrictions on the shape of the interface, demanding a certain amount
of homogeneity to account for the shape of the building blocks without leaving
empty space.

A simple way to describe the shape of a lipid is the dimensionless surfactant
parameter Ns introduced by Israelachvili [6] as

Ns =
v

al
, (2.6)

where v is the actual volume taken up by the lipid tails, a is the preferred area per
headgroup and l is the optimal length of the tails. Ns compares the actual volume
of a lipid to that of a cylinder with a height corresponding to the tail length
and a cross-section identical to that of the headgroup. Comparing the surfactant
parameter of a lipid to that of known geometrical bodies like (inverted) cones or
cylinders, simple considerations can give an idea of which phase is most suitable
for a given lipid. As an example, the volume of a cone is 1/3 the volume of
a cylinder with the same height, suggesting a micellar phase for lipids with a
surfactant parameter of 1/3, while a value of 1 would suggest a lamellar phase.

It is possible to refine this approach further by introducing a relation to the
curvature of the interface as demonstrated by Hyde [7]. It is known from differen-
tial geometry that the area a(d) of parallel surfaces is connected via the Gaussian
and mean curvature (K and H) by

a(d) = a(0)
(
1 + 2Hd+Kd2

)
, (2.7)

where d is the distance between the surfaces. The volume between parallel surfaces
can be obtained as the cumulative “sum” of the areas of all the parallel surfaces

11This behavior is strongly affected by the conditions the system is under, like for example
temperature and pH. These effects will be treated in the next section. For now, the conditions
and therefore the properties of the lipids are assumed to be constant.
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in-between by integrating Eq. 2.7. Doing this for a lipid monolayer of thickness l
(as given by the tail length) yields a volume of

v = a(0)

(
l +Hl2 +

Kl3

3

)
. (2.8)

Setting a = a(0), this expression can be related to the surfactant parameter,
defining a restriction of the allowed curvatures for a given lipid shape by

Ns =
v

al
= 1 +Hl +

Kl2

3
. (2.9)

Eq. 2.9 has to be satisfied for a surface composed of lipids with a certain sur-
factant parameter, but does not in general specify a unique solution and describes
only monolayers. Taking into account that only certain relative arrangements
of monolayers are possible leads to additional boundary conditions. As a con-
sequence, bilayers have to satisfy Eq. 2.9 for both monolayers simultaneously,
requiring that the midplane has zero mean curvature.

Altogether, it is found that in order to fulfill all requirements, a surface has
to have uniform mean and Gaussian curvature over its whole area [7]. Due to
the approximate nature of the description, however, this is not a strict condition,
and should rather be read in the sense that for a given surface-to-volume ratio,
the most homogeneous solution to Eq. 2.9 is realized. Since the surface-to-volume
ratio depends mainly on the topology of the aggregate and is at the same time
imposed by the composition of the system, one can conclude that the composition
determines the topology of the adopted phase, and the exact shape is then tuned to
be as homogeneous as possible. This is, however, an overly simplified picture, since
there is no guarantee that the required surface-to-volume ratio can be realized
with a curvature satisfying Eq. 2.9, potentially leading to intrinsically frustrated
systems.

Looking at the phases described above it is possible to rationalize them within
this description. The micellar, cylindrical and planar phases possess constant uni-
form curvature. In addition, surfaces of constant mean and nearly homogeneous
Gaussian curvature exist parallel to the triply periodic minimal surfaces of the cu-
bic bicontinuous phases as well as around the lipid aggregates of the mesh-phases
[7].

Helfrich energy of curvature

A different model has been introduced by Helfrich for the bending energy of mono-
layers [8]. In this model, the monolayers are regarded as elastic sheets giving rise
to

g =
km

2
(H − c0)2 + kgK (2.10)

as the expression for the elastic energy of curvature per unit area g and therefore

G =
km

2

∫
A

(H − c0)2 dA+ kg

∫
A

KdA (2.11)
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for the total energy of curvature G, where km is the bending rigidity and kg the
elastic modulus of the Gaussian curvature. The spontaneous curvature c0 takes
the shape of different lipids into account as a propensity for a certain amount of
either positive or negative mean curvature.

Like the surfactant parameter, the Helfrich energy of bending can be used to
rationalize the different lipid phases in terms of their curvature, predicting phases
with uniform mean curvature of a value close to c0, since any deviation from that
value will raise the energy. The Gaussian curvature receives less attention in this
prediction since its contribution only depends on the topology and is invariant un-
der mere stretching and bending. In addition, little experimental data is available
on the Gaussian curvature elastic modulus. Recent findings [9] suggest, however,
that the energetic contribution of Gaussian curvature can be significant and the
topology of a phase therefore has more implications than satisfying the required
surface-to-volume ratio (see above).

While the Helfrich model allows the prediction of phases as those with surfaces
of low energy of curvature, it neglects the packing efficiency of the different phases
(cf. Fig. 2.3). Since inefficient packing will lead to deviations from the ideal
curvature in a real system, the predicted energy of a system is likely too low,
possibly making phases with higher predicted energy but more efficient packing
favorable. In addition, these two contributions to energy may be hard to minimize
simultaneously, again giving rise to intrinsically frustrated systems.

2.3.3 Phase transitions

So far we have discussed lipid polymorphism from a static perspective. However,
the favored phase depends on the prevailing conditions and changes in the en-
vironment will result in dynamic behavior of the lipid aggregates. For example,
high temperature or dehydration can trigger a transition from the lamellar to the
inverted hexagonal phase, while a low pH will cause the opposite, and the ad-
dition of linear alkanes is found to stabilize the inverted hexagonal phase. This
can be rationalized using the presented theories as a dependence of the surfactant
parameter Ns, spontaneous curvature c0 and packing on the conditions:

• High temperature Due to increased conformational chain isomerization,
a rise in temperature will increase the volume occupied by the lipid tails and
lower their length in accordance. This corresponds to an increase of Ns and
a decrease of c0, both of which explain the change towards more negative
mean curvature.

• Low pH A drop in pH and ensuing protonation of the lipids’ headgroups
will lead to an increase of the repulsion between the headgroups12. The
larger area required per headgroup gives rise to a decrease of Ns and an
increase of c0, rationalizing a change towards positive mean curvature.

12except for anionic lipids
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• Dehydration Dehydration will lower the area per lipid headgroup, in con-
sequence increasing Ns and decreasing c0, rationalizing a transition towards
more negative mean curvature.

• Addition of linear alkanes Linear alkanes partition to the hydrophobic
tail region of lipid aggregates. If a phase possesses potentially void areas in
that region, which is the case for the inverted hexagonal phase, these voids
can be filled by the alkanes, reducing the energetic costs due to unfavorable
packing.

Most phases are topologically distinct from each other and therefore cannot be
interconverted by only stretching and bending, requiring parts of the surface to be
broken and joined. Since these transitions usually involve intermediate states of
high energy, lipid phases have a high degree of metastability far beyond their pre-
ferred range of conditions, making the transitions very slow and often hysteretic.
In addition, multiple seeds are typically required at different locations before a
transition can take place, which can turn out to be a hindrance when initial and
final phase are topologically very different, making especially the formation of
bicontinuous cubic phases difficult to observe.

2.4 Fusion and fusion peptides

Cellular life relies on the separation of an in- from an outside. In addition, com-
partmentalization of the intracellular space into organelles is crucial for many
vital cellular functions. All of this is accomplished with the help of lipid bilayers.
While a certain amount of stability is required for these layers, many processes
demand a significant degree of plasticity. The way this plasticity is enabled and
controlled will be the subject of this section.

2.4.1 Biological membranes

The majority of lipids found in the membranes of eukaryotic cells are phospho-
lipids, glycolipids and steroids. In those lipids that possess fatty acids donating
hydrocarbon chains, these are mainly palmitic acid (16:0)13, stearic acid (18:0),
oleic acid (18:1), linoleic acid (18:2) and arachidonic acid (22:4), while typical lipid
headgroups contain choline, ethanolamine, serine and inositol. In addition, most
biological membranes have a large amount of protein, contributing around 50%
of the membrane’s mass. While the lipid composition differs between different
organisms, cell types and cellular compartments, it is specific for its location and
rigorously controlled to maintain the properties required for its function.

The basic arrangement of the lipids is that of a bilayer similar to a single
lamella of the lamellar phase described in the previous section. It is however
worth noticing that the lamellar phase is not necessarily the favored phase for the

13the notation (X:Y) denotes a fatty acid containing X carbon atoms and Y unsaturated
bonds
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composition of the membranes. In fact, most biological membranes have a large
amount of lipids that favor inverted phases. While this affects various properties of
the membranes and has been suggested to regulate the permeability (e.g. Cullis et
al. [10]) and to enable certain functions of membrane proteins (e.g. Hui [11]), it is
generally accepted that one of the main reasons for this tendency is to supply the
membrane with the needed plasticity. Since fusion and fission can be compared
to local phase transitions and involve intermediate stages that resemble inverted
phases (see Section 2.4.2), keeping the lipid composition close to mixtures that
have phase transitions under physiological conditions can help to overcome the
high metastability of lipid aggregates. Biological membranes can therefore be seen
as a compromise between the stability needed to avoid spontaneous rupture caused
by fluctuations within the physiological conditions and the plasticity needed to
allow (controlled) rearrangement.

The role of the lipids favoring inverted phases is thereby twofold. By keeping
the energy of bilayers high, energetic barriers are more likely to be overcome. At
the same time, these barriers are lowered due to the intermediate states’ inverted
character.

2.4.2 The fusion pathway

Fusion is the process of merging two separate regions of space both of which are
bordered by lipid bilayers into one connected region bordered by a single bilayer.
Both theoretical consideration of the topological requirements of merging sepa-
rated bilayers as well as strong experimental evidence point towards a pathway
known as the stalk-pore model which is generally accepted as an accurate descrip-
tion of fusion. The following stages are distinguished (cf. Fig. 2.4):

• The first state of fusion is known as stalk. This is the initial, very localized
contact between the two opposing membranes in which the cis14 monolayers
are joined in a symmetrical hourglass shaped connection. The stalk is char-
acterized by an overall negative mean curvature and two potentially void
areas immediately above and below the connection that might be a source
of high packing energy. Theoretical models demonstrate that due to the
opposing signs of the principal curvatures encountered it is possible for the
stalk to adopt a stress-free surface for most of the neck region [12]. In ad-
dition, the energetic costs of unfavorable packing associated with the void
regions can be reduced by introducing a gradient in the tilt angles of neigh-
boring lipids, allowing locally non-smooth surfaces and therefore enabling
the lipids of the trans monolayers to fill the void regions by slightly dipping
towards the stalk [13]. The Gaussian curvature of stalks is high and gives a
significant contribution to the energy [14].
The occurrence of stalks is not limited to fusion, but is believed to be the
first step in most phase transitions from lamellar to inverted phases.

14The two monolayers of the bilayers facing each other are known as the cis monolayers, while
the two monolayers facing away from each other are called the trans monolayers.
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Figure 2.4: Schematic illustration of the intermediate stages of the fusion pathway.
Shown are the state prior to fusion (A), the initial stalk (B), the hemifused state (C)
and the fusion pore (D). Exclamation marks indicate areas of unfavorable packing.

• The next stage is usually referred to as the hemifused state and is character-
ized by a single bilayer, the hemifusion diaphragm, separating the interiors
of the compartments to be fused. This is predicted to be achieved via radial
expansion of the stalk and simultaneous approaching of the trans monolay-
ers. This process is believed to be driven by negative spontaneous curvature
of the merged cis monolayer which can increase the negative mean curva-
ture of its surface by increasing the curved area via expansion. However,
the expansion and approach of the trans monolayers creates a circular void
region around the hemifusion diaphragm, which limits the expansion [15].

• Finally, the hemifusion diaphragm has to rupture to form the fusion pore.
This step is believed to be driven by the accumulation of unfavorable pack-
ing and curvature energy in the small region of the hemifusion diaphragm
together with an asymmetry of surface area of the cis and trans mono-
layers caused by the expansion of the stalk [15, 16].This stage bears sig-
nificant resemblance to the double cubic bicontinuous phases described in
Section 2.3.1. In fact, these phases can be seen as a periodic arrangement
of fusion pores.

With the formation of the fusion pore the topological changes are complete and
the fused aggregate is free to assume its final shape via bending without further
rupture or merging of membranes.

While the intermediate states of the fusion process are also required steps of
inverted phase formation, fusion usually does not lead to these transitions even
with lipid compositions close to the edge of bilayer instability. This is again due to
the high metastability of the lipid aggregates, which allows the formation of stalks
only when there is close contact between bilayers. Since the formation of inverted
phases requires the formation of an array of multiple stalks, these changes are
possible in the closely stacked bilayers of the lamellar phase15 but very unlikely to
happen in systems that do not offer the opportunity of multiple inter-membrane
contacts like vesicles in solution16.

15And even there the formation of cubic phases is not easy to trigger.
16An exception are vesicles under extreme curvature stress caused by their composition or size.

While stable at high hydration, contact between vesicles at lower hydration and subsequent stalk
formation leads to their rupture and the assumption of different phases.
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2.4.3 Controlled fusion and proteins

Fusion is not normally a spontaneous event. For it to occur by itself, the mem-
branes in the system must be under significant stress or artificially made attractive
to each other. Experimental techniques to study fusion therefore employ mem-
branes, most often vesicles, that have been prepared to be prone to fusion without
external intervention. In these experiments, close contact between the membranes
is achieved by either raising the chemical potential of the water in the vesicles’ hy-
dration shells via addition of polyethylene glycol (PEG-induced fusion, e.g. [17]),
effectively driving the vesicles together, or by mixing vesicles containing anionic
lipids with vesicles containing cationic lipids (e.g. [18]). Fusion under physiologi-
cal conditions, that is controlled fusion of otherwise stable membranes, has to be
mediated by the presence of additional molecules, most notably proteins.

There are three principal mechanisms in which proteins can affect membranes
to facilitate fusion:

• Enzymatic alteration of the lipid composition This category includes en-
zymes that cleave lipids, removing either the headgroup or a tail, thereby
altering the behavior of the membrane by introducing lipids with different
properties. Examples are phospholipases and sphingomyelinase.

• Mechanical work This category includes proteins that form a scaffold with
a preferred curvature around the membrane providing energy for the forma-
tion of fusion intermediates and membrane-anchored proteins that impose
curvature or disrupt the bilayer by undergoing conformational changes. The
scaffold mechanism has been suggested to be important for influenza HA
mediated fusion [19], while SNARE17 mediated fusion is an example of pro-
teins located in opposing membranes changing conformations upon binding
to each other, supplying energy for the fusion (e.g. [20]).

• Influencing the energies associated with geometry and packing This cate-
gory consists of proteins and peptides that alter the lipids’ behavior by their
binding alone. While possessing no enzymatic activity or potential for me-
chanical work, they can influence the preferred shape of bilayers simply by
taking space of their own and interacting with the surrounding lipids, chang-
ing the favored conformation or reducing the costs of unfavorable packing.
These proteins can be subdivided into two groups depending on whether
they penetrate into the membrane or merely sit on the interface. Examples
are the fusion peptides described in the next section.

All of these can work both by shifting the equilibrium state of the system to-
wards the desired change, and by affecting transition states and thereby removing
kinetics barriers of the fusion process.

17soluble N-ethylmaleimide-sensitive factor attachment protein receptor
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Figure 2.5: Sketch of the putative structure of the HA2 subunit of influenza HA at low
pH [21]. In vivo, three HA2 subunits form a trimer together with three HA1 subunits.
The HA2 subunit is attached to the viral membrane via a transmembrane domain at its
C-terminus and possesses a fusion peptide at its N-terminus, which becomes exposed at
low pH. Rectangles indicate helical regions, curved lines loops.

2.4.4 Viral fusion proteins and peptides

Enveloped viruses need proteins to fuse their membrane with the membrane of
their host cells. These proteins possess a short helix spanning the viral mem-
brane and an ectodomain containing a fusion peptide. While other parts of the
fusion proteins are considered to be important (e.g. in the scaffold mechanism of
influenza HA mentioned above or for the association of the fusion proteins into
multimers), the investigation of virus induced fusion has concentrated mainly on
the membrane anchor and fusion peptide, which are representatives of the third
category of fusion related proteins introduced in the previous section. As an ex-
ample of the structure of fusion proteins, a sketch showing the relevant subunit
of influenza HA is given in Fig. 2.5.

This section will give a brief introduction to the assumed role of the transmem-
brane domain and then focus on the fusion peptides, which are most important
for the work presented in this thesis.

Transmembrane anchors

The membrane anchors have been shown to be involved in the fusion activity,
as e.g. for influenza HA [22]. Since no specific amino acid sequences appear
to be required for this effect as long as the membrane-spanning domain has a
certain length, it has been suggested that this activity is due to the influence
of hydrophobic mismatch18 on membrane thickness. This is partially supported

18i.e. the discrepancy between the length of the hydrophobic part of a transmembrane domain
and the membrane thickness
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by studies using WALP peptides19, in which peptides with both positive and
negative mismatch reduced the temperature at which cubic phases were observed
[23], rationalizing a stabilization of fusion pores.

Fusion peptides

Fusion peptides are short peptides of normally less than 25 residues, often com-
prising the N-terminus of viral fusion proteins, and have an amphipathic nature
and bind to the lipid/water interface. They are believed to be the first part of
the viral fusion proteins to be in close contact with the target membrane and are
consequently likely to be involved in at least the early steps of the fusion process.

In some cases, this involvement could be directly demonstrated. Addition
of the influenza HA fusion peptide at low pH caused hemolysis of chicken ery-
throcytes and vesicle fusion [24], albeit at lower efficiency than the full protein.
However, this approach was not successful for all fusion peptides and does not
shed much light on the underlying mechanism. For these reasons, many studies
focus on the effect of the fusion peptides on the lipid phase behavior, reasoning
that the ability to induce or stabilize hexagonal and cubic phases is directly re-
lated to the fusogenicity and indicates an effect on the preferred curvature as the
mechanism.

Findings of these studies show that the fusion peptides of several viruses lower
the temperature TQ at which cubic phases are observed (see [25, 26, 27, 28] for
fusion peptides from measles, influenza HA, SIV and FLV, respectively20) as well
as the lamellar-to-inverted phase transition temperature TH (see [29, 30, 31] for
fusion peptides from HIV, canine distemper virus and influenza HA, respectively).
In some cases [28], a cubic phase was even observed in a system that did not display
this phase in the absence of fusion peptides.

The correlation found for the fusogenicity of the fusion peptides and their
effects on the phase transition temperatures is, however, not without ambiguity.
In one study, the fusion peptides lowered TH only at very low concentrations,
while they raised it at the concentration corresponding to the conditions expected
in vivo [28]. Moreover, studies involving mutants found the fusogenicity and the
effect on TQ to be not necessarily proportional [32], with at least one case of a
non-fusogenic mutant lowering TQ by a higher amount than the wildtype [33].

In addition, the assumed correspondence of the ability to stabilize inverted
hexagonal and cubic phases to a direct effect on the spontaneous curvature c0 has
been cast into doubt by x-ray diffraction measurements. Using the lattice constant
of the inverted hexagonal phase in excess water to estimate c0, no significant
decrease relative to the pure lipid could be found in the presence of fusion peptides
from influenza and SIV [34, 35, 33], with high concentrations even inducing an
increase of spontaneous curvature [34]. In the theoretical framework developed in
Section 2.3.2, this would suggest an effect on the energy of the Gaussian curvature

19short synthetic peptides consisting of a variable number of hydrophobic repeats of alanine-
leucine flanked by a hydrophilic tryptophane at each end

20The unabbreviated names of the viruses are: simian influenza virus (SIV), feline leukemia
virus (FLV), human immunodeficiency virus (HIV).



22 CHAPTER 2. BACKGROUND AND THEORY

rather than the mean curvature as a putative mode of action for the fusion peptides
[9, 14].

2.5 Computer simulation of lipids

While conformations of lipid aggregates can be studied by spectroscopic experi-
mental methods if they are stable for a sufficiently long time, short-lived inter-
mediate morphologies are difficult to observe in experiments. In addition, specific
details like the conformation of individual lipids or the exact position of peptides
in lipid aggregates cannot normally be extracted from experimental data, making
computer simulation of lipids an attractive option.

Historically, the simulation of lipids started approximately twenty years ago
with picosecond simulations of small membrane patches [36]. Over the years,
collective phenomena like bilayer undulations and self-assembly [37, 38] became
accessible to simulation. Recently, the effects that proteins and lipids have on
each other have become the focus of attention of several studies, simulating events
like poration of bilayers by antimicrobial peptides [39] and the self-assembly of
membrane proteins like rhodopsin [40]. For a detailed review, the reader may
consult [41].

2.5.1 Specific versus generic models

One option for the simulation of lipids is to use atomistic models in which the
potentials describing the particles’ interactions are typically obtained by fitting to
the results of quantum chemical calculations for small molecular fragments. These
potentials often are modified to better match experimental findings, a prominent
example being the parameters derived by Berger et al. [42]. Based on these
atomistic models, it is possible to obtain coarse-grained models, e.g. by using a
reverse Monte Carlo approach [43] or force matching [44].

However, the very general nature of the theoretical models for the descrip-
tion of lipid aggregates presented in Section 2.3.2 suggests that this bottom-up
approach is not the only way to design a forcefield for lipids and that a large
part of the behavior of lipid aggregates should be universal to a broad range of
models. It is therefore also possible to make use of this universality and directly
construct generic (coarse-grained) models by defining a representation including
interactions suitable to bring about the phenomenon that is to be studied. In this
approach, one typically chooses non-bonded interactions to reproduce thermody-
namic data obtained for the lipids and bonded interactions to reproduce structural
data. A detailed overview of the different levels of coarse-graining applied to the
simulation of lipids can be found in [45].

For the work presented in this thesis we mostly used the MARTINI model [46],
which is an example of the second category of models described above. Details
about this model are given in the Appendix.



Chapter 3

Pathways to (hemi-)fusion

Unity can only be manifested by the Binary.
Unity itself and the idea of Unity are already two.

Buddha

The exact pathway taken during the fusion of lipid vesicles is a topic still under
debate. In this chapter, we assess the feasibility of simulating the fusion process
with the coarse-grained MARTINI model in a computationally efficient setup.
Using a previous version of the model, we find evidence for an alternative fusion
pathway and a generally high propensity towards fusion. Compared to that, the
current version of the MARTINI model is found to display a drastically reduced
fusogenicity, that made it difficult to observe fusion despite different attempts to
overcome this reluctance.

3.1 Introduction

As described in Chapter 2, fusion between lipid bilayers can occur spontaneously
if the bilayers are exposed to sufficient tension or curvature stress. While not a
physiological process, the pathway taken in these events has been discussed in
great detail as model for membrane fusion in general, identifying stalk, hemifused
state and fusion pore as intermediate stages of the fusion process (see Section 2.4.2,
especially Fig. 2.4).

Molecular dynamics simulations of vesicle fusion have been used to gain further
insight into the transitions connecting these stages [47, 48, 49, 50], for the most
part confirming the proposed pathway of radial stalk expansion and subsequent
rupture of the hemifusion diaphragm to form the fusion pore. However, due to
the limitations of molecular dynamics, the vesicles used were unrealistically small
and hence subject to large curvature stress. With the development of the coarse-
grained MARTINI model [46] and a novel method to form large vesicles [51] in
our group, we decided to simulate the fusion of vesicles of 20 nm radius, which is
comparable to the smallest vesicle size experimentally available [52].

23
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3.2 Methods

3.2.1 Simulation setup

The system used for the simulations is a single vesicle of approximately 20 nm ra-
dius (2,528 lipids) formed by spontaneous aggregation using mean field boundary
potentials [51]. To reduce computational costs, the vesicle was fused with its own
periodic image by applying semi-isotropic pressure coupling with a slightly larger
reference pressure in the z direction than in the lateral directions. The system is
solvated with 102,991 coarse-grained water beads corresponding to a hydration of
163 water molecules per lipid.

In order to study the process for vesicles of different propensity towards fusion,
we used lipid compositions of DPPE and DPPC1 in ratios of 1:3, 1:1 and 3:1. Using
an older version of the MARTINI model (version 1.4), the minimum pressure in
the z direction at which fusion occurred was determined for each composition.
However, due to the preliminary nature of the simulations, only one trajectory
was obtained per condition, limiting the reliability of our statistics.

After these simulations, we switched to a preliminary version of the current
MARTINI model (version 2.0). The main changes in this version are a reduction
of the negative spontaneous curvature of PE lipids which was overestimated in
version 1.4 [46] and the introduction of a higher repulsion between lipid tail beads
and charged particles to reduce the unrealistically high permittivity of bilayers to
ions. Due to a reduced propensity for fusion in this version of the forcefield, the
remaining simulations focused on studying possible ways to overcome this reluc-
tance. Details on changes in the simulations are given in Section 3.3. Again, the
trial-and-error nature of these simulations entails a limited number of trajectories
and unreliable statistics.

3.2.2 Simulation parameters

The simulations were performed using the coarse-grained MARTINI model [46]
with the Gromacs-3.0.5 software package using a timestep of 40 fs. Both pressure
and temperature were coupled to a reference value using the Berendsen scheme
[53]. Lennard-Jones and Coulomb interactions were obtained every step for par-
ticles within a cut-off of 1.2 nm according to a neighbor list updated every 10
steps. Both the Lennard-Jones and Coulomb potential were modified with a shift
function to have the interactions smoothly vanishing at the cut-off. Unless men-
tioned otherwise, we used a reference temperature of 323 K with a coupling time
constant of 1.1 ps, and semi-isotropic pressure coupling with a compressibility of
1x10−5 bar−1 and a coupling time constant of 1.0 ps. For the x and y direction
a reference pressure of 1.0 bar was used, while the values for the z direction were
between 2.0 and 7.0 bar. Electrostatic interactions were screened with an effective
dielectric constant of 10 for version 1.4 of the forcefield2 and 15 for version 2.0.

1dipalmitoylphosphatidylethanolamine and dipalmitoylphosphatidylcholine
2Strictly speaking, this is an error in the setup. The proper value to use with version 1.4

would have been 20. However, the changes due to this are expected to be subtle, as illustrated
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The simulations were run for 1,500,000 steps for version 1.4 and 2,500,000
steps for version 2.0, corresponding to effective simulation times of 240 and 400 ns,
respectively3.

3.3 Results

3.3.1 Full fusion pathway with version 1.4

In our simulations with version 1.4 of the MARTINI model, stalks formed sponta-
neously at temperatures of 323 K for reference pressure values in the z direction
above a certain threshold. The pressure needed was found to depend on the com-
position, with approximately 6 bar for the mixtures containing 25 % DPPE and
3 bar for the mixtures containing 75 % DPPE. At the time of stalk formation,
the vesicle displayed a flattened geometry, with high reference pressures causing
a higher deformation than low pressures.

Fig. 3.1 shows the further progress observed in two of our simulations as rep-
resentative examples of the pathways observed in our simulations. Once formed,
the stalks expanded in a one-dimensional, linear fashion4, with the expansion fol-
lowing a roughly circular path until the two ends of the expanded stalk met. At
that point, the two ends merged, forming a closed circular stalk.

The formation of this circular stalk was accompanied by the formation of a
pore in one of the areas of membrane about to be enclosed by the stalk. This
poration occurred either before (Fig. 3.1, left) or after completion of the circular
stalk (Fig. 3.1, right), in the latter case giving rise to a temporary inverted-micelle-
like compartment between the vesicles5. In both cases, the result is a structure
morphologically identical to the hemifused state.

For the 240 ns simulations, the fusion process did not proceed beyond the
hemifused state within the simulated time. However, in sample continuations
of some simulations, an additional pore formed in the membrane separating the
vesicle interiors, completing the formation of the fusion pore.

3.3.2 Attempts to induce stalks in version 2.0

The simulations with version 1.4 were not continued in a systematic fashion, as
we began using version 2.0. With this version, however, stalks no longer formed
spontaneously at temperatures of 323 and even 350 K. To induce stalks, several

by the fact that the mistake eluded notice until the late proof-reading stage of this manuscript,
and are unlikely to affect the general mechanism of fusion we describe. In addition, our results
are in agreement with independent simulations using the proper dielectric constant [47], and
similar behavior has been reported using completely different models and simulation techniques
[54, 55], underlining the plausibility of our findings.

3Interpretation of dynamics in the MARTINI model has to account for the lower friction of
this model. Based on the measured mobilities of lipids and water, a conversion factor of four
has been applied to provide an approximate time scale (see [46] for further details).

4as opposed to a circular, two-dimensional fashion
5i.e. the vesicle and its periodic image
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Figure 3.1: Snapshots taken from our simulations of vesicle fusion illustrating the
observed pathways leading to the hemifused state. Both pathways proceed via linear
expansion of the stalk. The difference is the time at which poration occurs in one of the
membranes next to the stalk, with the pathway on the left illustrating pore formation
before, and the pathway on the right showing pore formation after the expanded stalk
forms a closed circular stalk. The snapshots from top to bottom following the left path
are taken from a simulation of a mixture containing DPPE and DPPC in a 3:1 ratio
using a pressure of 3.125 bar, and the two snapshots on the right from a simulation with
a 1:1 mixture at a pressure of 6.25 bar. For each snapshot, a cross-section of the stalk
or hemifusion diaphragm is shown (left), and a side view of the clipped vesicles (right).
Lipid tails are shown in black, lipid headgroups in light shades, and water in dark grey.
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strategies were assessed using the mixture containing 75 % DPPE as the most
fusogenic and a pressure of 6 bar.

Artificial introduction of stalks In this approach, a slab of water was re-
moved between the vesicles and the dimensions of the simulation box were ma-
nipulated so that an overlap of the vesicle with its own periodic image in the z
direction was introduced. Slow equilibration of the system resulted in a stalk.
Alternatively, a stalk formed in version 1.4 was used as starting configuration for
a simulation with version 2.0.

In both cases, the stalk was stable for the duration of the simulation (400 ns),
both with applying pressure via semi-isotropic pressure coupling and without.
While one simulation starting from a snapshot taken from a simulation with ver-
sion 1.4 displayed a linear expansion of the stalk at a pressure of 6.25 bar, the stalk
remained unchanged in the other three simulations. No simulation progressed to
the hemifused state or a circular closed stalk.

Increasing tail volume As a way to increase the lipid’s propensity to fusion
it is possible to increase the negative spontaneous curvature of the lipid. For this,
the minimum of the potential for the angle between the first three beads of the
lipid tails was changed from 180 to 120◦, effectively mimicking an unsaturated
fatty acid. Even with the altered lipids, however, no stalks were formed at 323
and 350 K.

Increasing the tail region’s permittivity to charged particles In order
to undo one of the changes from version 1.4 to 2.0, we altered the particle type
of the lipids’ carbon tails from C1 to C3 to reduce their repulsion to charged
particles. This way, it is easier for the lipid tails to traverse the headgroup region,
which might be a required step for the formation of stalks.

With this change, one simulation formed a stalk at 350 K using the unsaturated
lipids described above, but not at 323 K. The stalk was stable with no expansion
occurring in the duration of the simulation.

3.4 Discussion

Since the outcome of our simulations is very different for the two versions of the
forcefield used, we will begin the discussion with an analysis of the fusion pathway
observed in version 1.4 of the model, before looking at the difficulty to form stalks
in version 2.0.

3.4.1 Fusion pathway in version 1.4

Both the commonly assumed radial expansion of the stalk and the linear expan-
sion observed in our simulations cause an increase in negative mean curvature
of the surface, and are therefore in accordance with theoretical considerations



28 CHAPTER 3. PATHWAYS TO (HEMI-)FUSION

A

B

C

D

E

G

F

Figure 3.2: Schematic comparison between radial (left) and linear stalk-expansion
(right). To highlight their origin, lipids corresponding to the inner leaflets in the unfused
vesicles are represented as white, and those corresponding to the outer leaflets as black.
Note that depending on which membrane ruptures in state E, two alternative structures
are possible for state F, only one of which is shown.

predicting negative spontaneous curvature to be the driving force in the transfor-
mation from stalk to hemifused state [15]. The radial expansion is accompanied
by an accumulation of unfavorable packing and curvature energy in the region of
the hemifusion diaphragm and an asymmetry of surface area between the cis and
trans monolayers6, which the linear expansion avoids. The linear expansion, on
the other hand, requires an additional pore formation. However, the formation of
pores has been predicted to be facilitated in close proximity to stalks [56], poten-
tially supporting the pathway observed in our simulations, which in a similar way
was also reported for Monte Carlo [54] and Brownian dynamics studies [55]. In
addition, this pathway would explain the content leaking often observed during
vesicle fusion in vitro (e.g. [57]).

While the hemifused state reached is morphologically identical for both path-
ways, there is an important difference with respect to the origin of the lipids
comprising the hemifusion diaphragm. For the radial expansion, the hemifusion
diaphragm is a trans membrane contact, with the lipids originating entirely from
the inner leaflets of the vesicle. In contrast, for the linear expansion accompa-
nied by pore formation observed in our simulations, the hemifusion diaphragm is
part of the vesicle’s original bilayer, one monolayer of which comes from the inner
leaflet and the other from the outer leaflet, with the latter containing lipids from
the inner leaflet due to lipid mixing during the pore formation, as illustrated in
Fig. 3.2.

6which eventually are assumed to be the driving force behind the rupture of the hemifusion
diaphragm
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3.4.2 Stalk formation in version 2.0

One of the main reasons for the difference in behavior between version 1.4 and
2.0 of the MARTINI model is likely to be the too negative spontaneous mean
curvature of lipids in version 1.4 (see above). However, our attempts of achieving
a more negative spontaneous mean curvature in version 2.0 by increasing the
temperature to 350 K and introducing unsaturated tails were not sufficient to
achieve fusion in version 2.0.

A second potential reason is the increased repulsion of the lipid tails to charged
particles, which makes it difficult for the tails to traverse the charged headgroup
region which might be a prerequisite for stalk formation. Consistent with this
explanation, after changing the lipid tail beads to a particle type with a lower
repulsion to ions, we observed stalk formation, albeit still only for unsaturated
lipids at 350 K, that is with the highest negative spontaneous mean curvature
tested in our simulations. However, it should be noted that with the small number
of simulations performed, we cannot draw conclusions with statistical relevance.

While the exact dynamics for fusion of vesicles of this size are currently not
experimentally available, it is reasonable to assume that the fusogenicity of version
1.4 is actually too high, and that the behavior observed in version 2.0 is closer to
reality.

3.5 Conclusions

Judging from our data, linear stalk expansion in combination with formation
of a pore prior to the hemifused state appears to be an alternative to radial
stalk expansion. An important corollary of this pathway is the presence of lipids
from the outer monolayers in the hemifusion diaphragm, which would in theory
give peptides or other agents located on the outside of the vesicle access to the
hemifusion diaphragm without penetrating the vesicle membrane.

We also note that the general propensity to fusion is found to be very sensitive
to the model used, potentially affecting both kinetic barriers and energetic driving
forces, which might also affect the fusion pathway itself.

Given a model with sufficient fusogenicity, however, our approach of using
semi-isotropic pressure coupling to fuse a vesicle with its own periodic image
presents a cost-efficient way to study vesicle fusion. To avoid artifacts due to
extreme deformation of the vesicle, the pressure used should be the minimum
pressure required to induce stalk formation.
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Chapter 4

Effects of the influenza HA fusion
peptide on the phase behavior of
lipid mixtures

Order is the shape upon which beauty depends.

Pearl S. Buck

The influenza hemagglutinin fusion peptides are required for influenza mediated
fusion and by themselves possess the ability to alter the lipid phase diagram and
induce vesicle fusion under suitable conditions. Here we present molecular dynam-
ics simulations investigating the peptides’ effect on stalk formation in dehydrated
lamellar systems and on the phase behavior of representative lipid mixtures. While
no facilitation of stalk formation is observed, we detect a systematic shift towards
phases with more positive mean curvature in the presence of the peptides, as well
as an occurrence of bicontinuous cubic phases which indicates a stabilization of
Gaussian curvature.

4.1 Introduction

The fusion of the influenza virus to its intended host-cell is mediated by the
hemagglutinin (HA) trimer. In its mature state, each HA monomer consists of
two subunits: HA1, which is mainly involved in receptor binding, and HA2, which
is believed to be responsible for the fusion process. HA2 is anchored to the vi-
ral membrane with a helical transmembrane domain close to its C-terminus and
possesses an N-terminal fusion peptide, which becomes exposed after a confor-
mational change of the protein’s ectodomain at low pH (for a recent review, see
[58]).

In in-vivo experiments, both the transmembrane domain [22] and the fusion
peptide [59] as well as the conformational change of the ectodomain of HA2 [60]
are required to complete fusion. While the transmembrane domain appears to
require only a fixed length to be active [22], the fusion peptide requires a more
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specific structure [61], indicating a complex role beyond the mere establishment
of a contact to the target membrane.

Studies focusing on the fusion peptides alone show that, in vitro, presence
of only the fusion peptides is sufficient to induce lysis or vesicle fusion under
suitable conditions [24]. In addition, the fusion peptides have a distinct effect on
the phase diagram of lipid mixtures, decreasing the temperature at which cubic
phases are observed [26] and altering the lamellar-to-inverted hexagonal phase
transition temperature in a concentration-dependent manner [34].

The structure of the 20 amino acids long fusion peptide is available from NMR
measurements in micelles [62]. Two amphiphilic alpha helical arms are joined at
an angle of approximately 105◦ by a relatively rigid linker region so that the
hydrophobic parts of the helices face towards the inside of the kink; accordingly,
it partitions to the lipid/water interface as was confirmed by polarized ATR-FTIR
measurements [24].

Among the mutants of the fusion peptide two point mutants are known that
are non-fusogenic in in-vivo experiments and mainly differ from the wildtype in
the angle between the helical arms [61]. One is helical over almost the whole
length and therefore linear (G1V), while in the other the kink is inverted with
respect to the wildtype with a less rigid linker region (W14A).

Because of the general difficulty to devise experiments that give direct informa-
tion on the fusion peptides’ mode of action, computer simulations visualizing the
peptides’ effect on a lipid environment could greatly complement the experimental
data. To the best of the author’s knowledge, however, the computational work
published so far is limited to studies of the peptides’ structure and location at
lamellar and micellar interfaces (see, e.g., [63, 64]), which is probably a reflection
of the limitation of the available system size and time scale in simulations.

Here, we try to overcome these computational limitations by using the coarse-
grained MARTINI model [46], which has been successfully used to simulate the
phase behavior of lipids [65], and its extension to peptides [66]. Two approaches
to assess the fusion peptides’ effects on the behavior of lipids and the fusion
process are presented: an investigation of the formation of stalks in dehydrated
lamellar systems in the presence and absence of fusion peptides, and a study of
the peptides’ general effects on the phase diagram of representative lipids.

The first approach was expected to give insight into the way the peptides
facilitate fusion by assessing their relation to stalk formation as the initial step
of the fusion process. The direct simulation of stalk formation starting from
a lamellar system in this approach could potentially identify the peptides’ role
in the transition, but does not allow a clear distinction of thermodynamic from
kinetic effects.

The second approach, on the other hand, is an attempt at studying the pure
thermodynamic effects of the fusion peptide. For this, it is necessary to eliminate
kinetic effects due to the metastability of lipid aggregates as completely as possible,
which is accomplished by starting from a system in which the molecules are at
random coordinates and allowing the lipids to aggregate spontaneously [38]. This
way one gives up on the possibility to directly observe the peptides’ mode of



4.2. METHODS 33

action in actual phase transitions, but has a higher chance that the adopted
phase reflects the thermodynamically favored state of the system if one uses data
from a sufficient number of simulations. In addition, the peptides’ location in the
adopted phase can be determined and is likely to be indicative of the peptides’
function in vivo.

As the main lipid used in our simulations we chose DOPE1 as a lipid with a
high negative spontaneous mean curvature. In doing so, we expected to achieve a
high propensity towards stalks and inverted phases which are in general believed to
have a resemblance to intermediate states of the fusion process and are considered
indicative of a lipid composition’s fusogenicity.

4.2 Methods

The simulations shown were performed using the coarse-grained MARTINI model2

[46, 66] with the Gromacs-3.3 software package [67] using the standard run-
parameters for the MARTINI model at a timestep of 40 fs. Both pressure and
temperature were coupled to a reference value using the Berendsen scheme [53].
Lennard-Jones and Coulomb interactions were obtained every step for particles
within a cut-off of 1.2 nm according to a neighbor list updated every 10 steps. Both
the Lennard-Jones and Coulomb potential were modified with a shift function to
have the interactions smoothly vanishing at the cut-off. Electrostatic interactions
were screened with an effective dielectric constant of 15.

4.2.1 The models for the fusion peptides

The models for the fusion peptides were based on NMR structures obtained in
micelles at fusogenic pH [62, 61]. Particle types, sidechain potentials and bonds
for all regions of the peptides, and backbone angle and dihedral potentials for
the regions corresponding to secondary structures supported by the MARTINI
forcefield were assigned according to the default values of the model using the
script provided with the forcefield.

For the regions corresponding to non-standard secondary structures, the values
for which the backbone angle and dihedral potentials are minimal were assigned
to match the corresponding angles and dihedrals found between the alpha-carbons
of a typical representative of the NMR structures picked from the largest cluster
in an RMSD cluster analysis. To maintain the geometry in these regions, the
force constants for these potentials were set to the standard values assigned to
alpha-helical regions in the MARTINI model. A comparison of our model and the
experimental structure is given in Fig. 4.1. Details and further alterations for the
individual peptides are given below.

1dioleoylphosphatidylethanolamine
2in this and the following chapters, “MARTINI model” will refer to version 2.0
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Figure 4.1: Comparison of the representation of the fusion peptides in our coarse-
grained model with the NMR structure obtained at a micellar surface. Shown are
the experimental structure (NMR), the configuration of our model at the lipid/water
interface in a simulation (CG), and snapshots illustrating the peptides’ position at the
lipid/water interface in our simulations (SN). For the peptides, backbone beads are
shown in black and the sidechains in colors indicating the residue with pink for L and
E, purple for F, blue for A, green for I, brown for N and V, gray for W, yellow for M and
red for D. Water is shown in light blue, lipids tails in light gray and lipid headgroups
including glycerol in magenta.
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Wildtype The model for the influenza HA fusion peptide was optimized to
match the fifth structure contained in the Protein Data Bank entry 1IBN. Using
a preliminary version of the MARTINI model3, the parameters were set corre-
sponding to the sequence GLFGAIAGFIENGWEGMIDG and a secondary struc-
ture alpha-helical from residue 2-10 and 15-18 with a turn for residues 11-144. To
reproduce the fixed angle between the two helices, the values for the bond, angle
and dihedral potentials of the backbone beads of residue 8 to 16 were altered: the
force constants for the bonds were raised to 1250 kJ mol−1, the force constants for
the angles were raised to 700 kJ mol−1 and the minimum of the potential set to the
angles found for the alpha carbons of the experimental structure, and additional
dihedral angle potentials were introduced with a force constant of 400 kJ mol−1, a
multiplicity of 1 and a minimum at the angles found for the corresponding alpha
carbons in the experimental structure.

G1V mutant The secondary structure for the G1V mutant has been experi-
mentally determined as alpha-helical over the whole length [61]. Since standard
parameters for alpha-helical regions are included in the MARTINI forcefield, there
was no need for further analysis of the experimental structure. The topology was
obtained using the current version of the MARTINI model [66], based on the se-
quence VLFGAIAGFIENGWEGMIDG and a secondary structure alpha-helical
except for the two terminal residues at both ends of the peptide. No additional
potentials had to be introduced.

W14A mutant For the W14A mutant, the secondary structure contains sev-
eral motifs not supported in the MARTINI model. For details, refer to [61]. To
represent these structures using the current MARTINI model, a provisional topol-
ogy was obtained using the correct sequence (GLFGAIAGFIENGAEGMIDG) but
the secondary structure of the wildtype. This topology was then adapted to match
the tenth structure contained in the Protein Data Bank entry for the mutant pep-
tide (2DCI) by setting the minimum values for the angle and dihedral potentials5

of the backbone to match the values found for the alpha-carbons in the experi-
mental structure. In addition, the force constants for bond, angle and dihedral
potentials connecting the backbone beads were set to 1250, 700 and 400 kJ mol−1,
respectively, except for the termini, for which the originally assigned values were
kept.

4.2.2 Stalk formation

The simulations were started from a configuration with two bilayers of 98 DOPE
lipids each with an equal amount of lipids per monolayer, separated by two water

3The differences to the final version mainly concern changes between similar particle types
and conserve the general properties of the model. Changes in behavior are expected to be subtle
and not responsible for the difference between wildtype and mutants in our simulations.

4corresponding to the DSSP code ∼HHHHHHHHHTTTTHHHH∼∼, obtained with the
DSSP program from the Gromacs package

5introducing new potentials if none were present in the preliminary topology
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Figure 4.2: The three principal setups for our simulations of stalk formation. All
setups contain two parallel bilayers consisting of 98 lipids each, separated by two water
layers with equal numbers of water beads. The difference is the distribution of fusion
peptides: we performed simulations without peptides (NP), with one peptide in each
monolayer (SP), and with one peptide only in the monolayers facing one of the two
water layers (AP). For all setups, simulations at 323 and 375 K were performed using
different hydration levels.

slabs consisting of an identical number of beads (including sodium ions to counter
the charges in the simulations containing peptides). As illustrated in Fig. 4.2,
three sets of simulations were run containing either no peptides, one peptide in
every monolayer or one peptide only in the monolayers adjacent to one of the two
water layers.

The simulations were carried out at reference temperatures of 323 and 375 K
with a coupling time constant of 0.5 ps, and with semi-isotropic pressure coupling
with a compressibility of 1x10−5 bar−1, a coupling time constant of 1.2 ps and
a reference pressure of 1.0 bar for all directions. The simulations were run for
25,000,000 steps, corresponding to an effective time of 4 µs6. For every set of
conditions, multiple simulations starting with different initial velocities were run.

To avoid premature formation of stalks due to insufficient equilibration in sys-
tems of low hydration, the systems were prepared starting at the higher hydration
levels, gradually removing a small number of water beads and equilibrating the
system to obtain the systems at low hydration.

4.2.3 Spontaneous aggregation

The systems simulated consist of 256 molecules of lipid, 4 or no fusion peptides
and between 2 and 3 coarse-grained water beads per lipid (representing actual
hydration levels of 8 to 12 water molecules per lipid and including sodium ions to

6Interpretation of dynamics in the MARTINI model has to account for the lower friction of
this model. Based on the measured mobilities of lipids and water, a conversion factor of four
has been applied to provide an approximate time scale (see also [46]).
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counter the charges of the peptides), which were randomly placed in a cubic simu-
lation box. After a short relaxation run using isotropic pressure coupling in which
all non-bonded interactions in the system were set to be similar to those between
water beads, the actual simulations were carried out with anisotropic pressure
coupling with a compressibility of 5x10−5 bar−1 for the diagonal elements and
1x10−7 bar−1 for the off-diagonal elements of the pressure tensor, coupling time
constants of 1.2 ps and reference pressures of 1.0 bar. The reference temperatures
were set to values from 270 to 315 K with coupling time constants of 0.5 ps.

The simulations were run for a total of 75,000,000 steps, corresponding to
an effective simulation time of 12 µs, which was found to be sufficient to adopt
a (kinetically) stable state with no phase changes during the last third of the
simulation. Multiple simulations starting from different initial velocities were run
for each system and set of conditions.

4.3 Results

4.3.1 Stalk formation

To assess the ability of the fusion peptides to induce stalks in lamellar systems,
we performed three sets of simulations of two closely apposed DOPE bilayers: one
without peptides, one with peptides in all monolayers, and one with peptides only
in the monolayers facing one of the two water layers (cf. Fig. 4.2).

DOPE was chosen as a lipid with a high spontaneous negative mean curvature,
giving the system a strong “incentive” to leave the lamellar phase and potentially
reducing the energy of stalks in accordance with their overall negative mean cur-
vature.

The results from our simulations are shown in Table I. If we look at the sim-
ulations at 323 K, the presence of peptides in both monolayers of the lamella
did not act to facilitate stalk formation. In fact, the peptides were rather unex-
pectedly found to prevent stalks at hydration levels that spontaneously formed
stalks in their absence. Systems with an asymmetric distribution in which the
peptides were only present in the monolayers around one of the two water layers
of the systems (cis monolayers) formed stalks at an efficiency comparable to the
peptide-free reference. However, the initial stalk to form in these simulations al-
ways occurred between the trans monolayers not containing the peptides. Stalks
between the cis monolayers appeared afterwards at the lower of the two hydration
levels, and not at the higher. In our simulations at 375 K7 stalks formed for all
setups and hydration levels simulated.

To complement our results, we used trajectories of conditions at which no
stalks had formed to determine the peptides’ effects on the properties of isolated
bilayers as shown in Table II. For these, we also included similar simulations

7Note that water does not boil at 373 K in the MARTINI model. For our purposes, 375 K was
chosen as a temperature sufficiently high to overcome kinetic barriers and to generally increase
the simulated systems’ propensity towards stalks.
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Table I: Formation of stalks in systems containing two parallel bilayers of DOPE at
hydrations of 2.24 and 2.65 water per lipid (W/L). Shown are the results in the absence
of peptides (NP) and in the presence of one influenza HA fusion peptide in all monolayers
(SP) and with one fusion peptide only in the monolayers around one of the separating
water layers (AP). For each entry, the number in front of the slash indicates the number
of simulations in which stalks formed within 4 µs and the number after the slash the
total number of simulations performed for those conditions.

W/L 323 K 375 K

NP
2.24 4/4 4/4
2.65 1/4 4/4

SP
2.24 0/4 4/4
2.65 0/4 4/4

AP
2.24 4/4 4/4
2.65 2/4 4/4

with bilayers consisting of DOPC8. Bilayers of both DOPE and DOPC display
an increase of surface area accompanied by a reduced thickness and an increased
inter-bilayer distance in the presence of the fusion peptides.

4.3.2 Effects on the phase diagram

Next we tested the ability of the fusion peptides to modulate the lipid phase
diagram. For this, we ran ∼250 12 µs simulations of spontaneous aggregation
for systems of either pure DOPE, pure DOPC or a 1:1 mixture, systematically
exploring a hydration range of 8 to 12 water molecules per lipid and a temperature
range of 270 to 315 K. The simulations were performed without peptides, or with
four copies of the wildtype influenza HA fusion peptide. In addition, simulations
including the non-fusogenic G1V and W14A mutants in place of the wildtype
peptide were performed for pure DOPE.

The phases were assigned based on the connectivity of the volume occupied
by headgroup and water beads. This approach unambiguously characterizes the
topology of the lipid/water interface while being insensitive to mere distortion, de-
tecting morphological features such as stalks and pores but ignoring deformations
such as bumps and dents.

The presentation of the results will first focus on the peptides’ global effects in
terms of the general phase behavior before looking at the peptides’ exact location
in the geometry of the individual phases.

8dioleoylphosphatidylcholine
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Table II: Properties of lipid bilayers consisting of 98 lipids of DOPE or DOPC at 323 K
at a hydration level of 2.65 water molecules per lipid in the presence of one peptide in
both monolayers (SP) and in the absence of peptides (NP). Shown are the box volume
Vbox, the area of the bilayers AXY, the height of the box in the dimension perpendicular
to the bilayers Zbox, the bilayer thickness D (defined as the average distance between
the peaks representing phosphate in the density plot) and the distance between the
bilayers dim (calculated as Zbox/2−D). In addition, the difference between the values
in the presence and absence of the peptides is indicated (∆). The errors given are error
estimates obtained via block-averaging [68].

DOPE Vbox (nm3) AXY (nm2) Zbox (nm) D (nm) dim (nm)

NP 312.51±0.04 29.75±0.01 10.50±0.01 4.821±0.002 0.43
SP 323.13±0.04 30.67±0.04 10.53±0.01 4.800±0.008 0.47
∆ 10.63 0.92 0.03 -0.021 0.04

DOPC Vbox (nm3) AXY (nm2) Zbox (nm) D (nm) dim (nm)

NP 315.29±0.04 30.00±0.04 10.51±0.01 4.800±0.002 0.46
SP 325.40±0.04 30.63±0.03 10.62±0.01 4.786±0.003 0.53
∆ 10.11 0.63 0.11 -0.014 0.07

Phase behavior

An overview of the phases adopted after 12 µs is given in Fig. 4.3.

Pure DOPE The clearest change is found for pure DOPE in the presence of the
wildtype peptides. The inverted hexagonal phase, which is exclusively observed
for the peptide-free reference simulations except at the lowest hydration levels, is
no longer observed in the presence of the fusion peptides. Instead, stalk phases in
which a regular array of stalks connect an otherwise lamellar system become the
dominant phase.

The G1V and W14A mutants show a similar preference of the stalk over the
inverted hexagonal phase as the wildtype, but at a reduced efficiency. In the
presence of both mutants, the inverted hexagonal phase is still observed in ap-
proximately 50 % of the simulations.

Another apparent effect of the peptides is the occurrence of bicontinuous cubic
phases that are not observed in their absence. The exact phase adopted appears
to depend on which peptides are present, with the single diamond phase [69]
(Fig. 4.4 F1 and F2) observed in the presence of the wildtype peptide, and the
double diamond phase (Fig. 4.6 C) in the presence of the G1V and W14A mutant.

The single diamond phase possesses a three-dimensional periodic intercon-
nected network of hydrophilic beads that connects all aqueous components in a
single continuous aggregate (Fig. 4.4 F1). In this aggregate, four water channels
lined by lipid headgroups emerge from every junction in a tetrahedral manner.
The same is true for the hydrophobic part of the system (Fig. 4.4 F2), all lipid
tails are joined in a single continuous aggregate with a morphology identical to
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Figure 4.3: Overview of the phases adopted after 12 µs in dependence on temperature
and level of hydration (W/L) for pure DOPE, a 1:1 mixture of DOPE and DOPC, and
pure DOPC. Results are shown for simulations containing no peptides, the influenza HA
fusion peptide (WT), and the non-fusogenic G1V and W14A mutants. Green indicates
an inverted hexagonal phase, red a stalk phase, blue a lamellar phase, cyan a single
bicontinuous cubic diamond phase, and magenta a double bicontinuous cubic diamond
phase.
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the one described for the hydrophilic beads. The phase can therefore be described
as two mutually inter-penetrating labyrinths of identical morphology, where a net-
work of stalks defines a network of water channels and vice versa with the interface
corresponding to the diamond triply-periodic minimal surface.

The double diamond phase is similar, with the defining difference that two
isolated water compartments are formed, both of which having the same mor-
phology as described for the single diamond phase. The hydrophobic components
also form a periodic three-dimensional aggregate – a curved lipid bilayer separat-
ing the two aqueous labyrinths, with a midplane corresponding to the diamond
triply-periodic minimal surface (Fig. 4.6 C).

Another phase observed in the presence of the wildtype peptides is an inter-
digitated lamellar phase.

1:1 DOPE/DOPC Looking at the results for the 1:1 mixture of DOPE and
DOPC next, the systems containing no peptides adopt the stalk phase except at
the highest hydration level simulated, where a lamellar9 phase is found for low
temperatures. Compared to that, the simulations containing wildtype peptides
are found to adopt the lamellar phase at lower hydration levels.

In addition, one simulation is found to adopt the single diamond phase in the
presence of the wildtype peptides.

Pure DOPC The results for the simulations of pure DOPC show a similar trend
as those for the 1:1 mixture with DOPE. While the peptide-free systems adopt
the stalk phase at the lowest hydration level simulated, the simulations containing
the wildtype peptides adopt the lamellar phase with not a single instance of the
stalk phase even at the lowest hydration level.

Like for pure DOPE and the 1:1 mixture, some simulations are found to adopt
the single diamond phase in the presence of the wildtype peptides.

Peptide location and phase geometry

General location Both the wildtype and mutant peptides partition to the
lipid/water interface where they sit with the hydrophobic sidechains penetrating
slightly into the lipid tail region and the more polar sidechains between the lipid
headgroups as shown in Fig. 4.1.

Stalk phase For the stalk phase, the exact geometry adopted depends on the
lipid composition.

The stalk phases adopted by DOPE often show a resemblance to the inverted
hexagonal phase10, where the general shape of the cylindrical water channels is
still visible, but the channels are connected by bridges of water and headgroup
beads (Fig. 4.4 B). In these phases, the wildtype peptides are almost exclusively
located in these connections (often in clusters of two or more), while the mutant

9normal, non-interdigitated
10which is the dominant phase for pure DOPE in the absence of peptides
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Figure 4.4: Snapshots illustrating the influence of the wildtype of the influenza HA
fusion peptide on the phases adopted in our simulations of spontaneous aggregation.
The snapshots represent categories of phases observed: an inverted hexagonal phase
adopted by pure DOPE in the absence of peptides (A), two stalk phases adopted by
DOPE in the presence of the fusion peptide (B and C), a typical lamellar phase adopted
by DOPC and the 1:1 mixture in the presence of the peptide (D), a typical stalk phase
adopted by the 1:1 mixture in the presence of the peptide (E), and a single diamond
phase adopted by DOPE, DOPC and the 1:1 mixture in the presence of the peptide
(F). For D-F, two alternative views are given. Lipid tail beads are shown in grey for the
terminal beads and in black for the rest, glycerol beads in magenta, water and headgroup
beads in blue and beads corresponding to the backbone and sidechains of the Influenza
HA fusion peptide in brown and yellow, respectively. The surface separating the lipid
tail beads from the rest of the system is shown in green. To show the distribution of
beads, in some regions the surface has been rendered transparent and beads blocking
the view on other beads have been omitted.
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Figure 4.5: Schematic drawing illustrating the positioning of the boomerang-shaped
influenza HA fusion peptides around a stalk.

peptides are also frequently found to sit on the interface of the cylindrical water
channels without forming bridges (see paragraph on the inverted hexagonal phase
below).

At other times, DOPE adopts stalk phases closer to the ideal rhombohedral ge-
ometry (Fig. 4.4 C), in which the wildtype peptides are typically found embracing
the circular cross-section of the stalk with their boomerang shape as illustrated
in Fig. 4.5. In these phases, the assumed surface bears a high resemblance to the
theoretically predicted surface for stalk phases displaying constant negative mean
curvature over the whole surface [7] (compare with Chapter 2.3). The majority
of stalk phases adopted by pure DOPE falls between the two extremes shown in
Fig. 4.4 B and C.

For pure DOPC and the 1:1 mixture with DOPE, the stalk phases adopted
bear a much higher resemblance to the lamellar phase. In these phases, the density
of stalks tends to be lower and the curvature is often limited to the stalks and
their neighborhood, with planar regions in-between (Fig. 4.4 E1).Unlike for pure
DOPE, in the mixture with DOPC11 the wildtype fusion peptides do not strictly
co-locate with the stalks, and are most often found in the planar regions of the
interface (Fig. 4.4 E1 and E2).

Inverted hexagonal phase The inverted hexagonal phases observed for pure
DOPE in the presence of the non-fusogenic G1V and W14A mutants are similar
to the ones formed in their absence.

In these phases, the mutant peptides either sit on the interface of the cylindrical
water channels (Fig. 4.6 A), or form bridges between the channels that, unlike the
ones formed by the wildtype, are not accompanied by water or headgroup beads
(Fig. 4.6 B).

Lamellar phase In both the interdigitated lamellar phases observed for DOPE,
and the regular lamellar phases observed for the 1:1 mixture and DOPC the
peptides sit on the lipid/water interface, often in clusters of two or more. An

11no stalk phases are observed for pure DOPC in the presence of the fusion peptides
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Figure 4.6: Snapshots showing the phases adopted by pure DOPE in the presence of
the G1V and W14A mutants of the influenza HA fusion peptide. Shown are two inverted
hexagonal phases (A and B), and a double diamond phase (C). The bridges between
the cylindrical water channels visible in B do not contain headgroup or water beads.
The snapshots are of simulations with the G1V mutant, but are also representative
for our simulations with the W14A mutant. The color representation is the same as
in Fig. 4.4. To show the distribution of beads, in some regions the surface has been
rendered transparent and beads blocking the view on other beads have been omitted.

Figure 4.7: Snapshots of the bicontinuous diamond phases illustrating the position of
the influenza HA fusion peptides. Shown are the wildtype fusion peptides in a single
diamond phase (A), and the G1V and W14A mutants in a double diamond phase (B
and C). For all snapshots, the lipid composition is pure DOPE. The color representation
is the same as in Fig. 4.4 with red cylinders highlighting the peptides’ helical parts.
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example for the lamellar phases adopted by DOPC and the mixture in the presence
of the wildtype fusion peptide is given in Fig. 4.4 D1 and D2.

Single diamond phase The single diamond phase is only observed in the pres-
ence of the wildtype fusion peptides, but similar for all three lipid compositions
simulated. The majority of the peptides is found in areas of the interface pos-
sessing negative Gaussian curvature, with a preference to locate between two of
the stalks emerging from the tetrahedral connections so that the helical arms are
aligned with the positive component of the surface’s curvature (Fig. 4.7 A).

Double diamond phase The mutant peptides’ location in the double diamond
phase is less clearly defined than that of the wildtype in the single diamond phase.
While both mutants appear to locate preferably in the junctions of the network of
water channels, a clear alignment with a positive or negative curvature component
can neither be found for the G1V nor the W14A mutant. The linear G1V mutant
appears to avoid orientations in which it would align with a large curvature com-
ponent (Fig. 4.7 B), while the inverted kink of the W14A mutant often is found
lying sideways on the lipid/water interface rather than aligning with a negative
curvature component (Fig. 4.7 C).

4.4 Discussion

4.4.1 Limitations of the method

Before we go into the discussion of our data, it is necessary to assess the scope of
conclusions that can legitimately be drawn from our simulations.

As a general limitation, molecular dynamics simulations impose artificial re-
strictions by using systems of very small size with a fixed number of particles.
While the small size is somewhat compensated by the use of periodic boundary
conditions and by allowing deformations of the simulation box by using anisotropic
pressure coupling, the system can only adopt periodic configurations within a unit
cell of a pre-defined volume. Together with the fixed particle composition, this
does not allow phenomena like (macroscopic) phase separation and results, for
example, in an artificially fixed hydration level when compared to experiments.
However, the energetics are unaffected by these limitations, and the configuration
adopted can be said to be thermodynamically realistic under the artificially im-
posed conditions. By choosing a suitable system size and hydration level, one can
therefore match experimental results to good approximation.

Another potential problem can arise from insufficient sampling in the limited
timescale available to computer simulation, which is especially important in the
simulation of systems of high metastability such as lipid phases. In our simu-
lations, we account for this difficulty by examining the phase diagram with the
simulation of a large number of spontaneous aggregations starting from random
coordinates. While the frequency of occurrence of a particular phase does not
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strictly correlate to its free energy due to the possibility of kinetic trapping, a
changed frequency can be seen as indicative of changed energetics.

Finally, the outcome of simulations can never be more realistic than the un-
derlying model. When using a coarse-grained forcefield, this entails that due to
the crudeness of the representation one cannot expect to match the experimen-
tal behavior of a particular sort of molecules under specific conditions “spot-on”.
Rather, a more general correspondence between experimental results and simula-
tion will be obtained, in which changes of the molecular features captured in the
model affect the behavior in the same direction as a similar change in experiments.

4.4.2 Reproduction of experimental results

Phase diagram in absence of peptides

The experimentally resolved phase diagram of DOPC, DOPE and mixtures thereof
[70, 71] is a good benchmark to validate the feasibility of our approach.

As has been discussed above, an exact reproduction using our coarse-grained
model cannot realistically be expected. However, it has been demonstrated using
a previous version of the forcefield [65], that while the phases found in simula-
tions based on our model might be slightly shifted with regard to temperature,
hydration or lipid composition, they appear in the right general area of the phase
diagram. This is also true for our simulations, and the following important trends
are captured: upon increasing the amount of DOPE in the mixture a shift from the
lamellar to the inverted hexagonal phase is observed, and low hydration levels are
found to stabilize the rhombohedral stalk phase. The only feature not reproduced
by our model is temperature dependence, with no clear effect observed in the
phase diagram for the temperature range simulated, in contrast to the limitation
of the stalk phase to low temperature found experimentally.

Phase diagram in presence of peptides

Comparing our results in the presence of the peptides to experimental data, the
occurrence of bicontinuous cubic phases in our simulations is in agreement with
reports of a reduction of the temperature at which these phases form in vitro [34].
Experimental findings of an induction of the inverted hexagonal phase [26], on
the other hand, appear to disagree with our data. However, there is reason to
believe that the peptides’ effect on the inverted hexagonal phase is concentration
dependent, with concentrations corresponding to those used in our simulations
destabilizing the inverted hexagonal phase, as explained below in the discussion
of the peptides’ effect on interface curvature.

No experimental observations of the rhombohedral stalk phase linked to fusion
peptides are known to the author.

Peptide structure and partitioning

The structure of the fusion peptides in our simulations is in good agreement with
the experimental NMR structures at micellar interface for wildtype and both
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mutants (Fig. 4.1, top and middle), as is to be expected considering that the NMR
data was used as reference for the parametrization of the models. In addition,
the depth of the wildtype peptides’ penetration into the lipid aggregate and their
orientation is in agreement to both experimental results [24] and the findings of
molecular dynamics simulations using an atomistic model [64].

4.4.3 Effects of the fusion peptides on interface curvature

An important concept used for the characterization and theoretical interpretation
of lipid phases is interface curvature [7]. In this approach, the local shape of
a surface is defined by its two principal curvatures, that is the minimum and
maximum geodesic curvature at a point, which determine the mean curvature as
their average and the Gaussian curvature as their product (cf. Chapter 2.2.1). The
mean curvature identifies the average bending deformation at a point12, and the
Gaussian curvature gives the amount of saddle-splay deformation, with negative
and positive values distinguishing hyperbolic from elliptic regions, and a value of
zero indicating parabolic regions13 (cf. Chapter 2).

By adsorbing to the lipid/water interface, peptides can affect the preferred cur-
vature via their contribution to the surface area and their own shape, as well as by
changing the energies associated with packing of the lipids in their neighborhood.

In addition, especially in systems with a fixed composition like in our simula-
tions, the peptides’ contribution to the respective volumes of the lipid aggregate
and hydrophilic bulk needs to be taken into account, since a changed ratio of these
will alter the effective hydration level.

In our evaluation of the peptides’ effects we therefore need to keep in mind
the data obtained on the properties of isolated bilayers given in Table II. While
symmetric insertion of the fusion peptides into a bilayer increases the surface area
and decreases the bilayer thickness suggesting a change towards more positive
spontaneous mean curvature, the inter-bilayer distance increases, indicating that
the peptides’ additional volume can serve to mimic a higher hydration level.

Fusion peptides induce positive mean curvature

We first look at the peptides’ effect on the mean curvature of the adopted phase.
The two major changes of the phase diagram induced by the peptides are a change
from the inverted hexagonal to the stalk phase for pure DOPE, and a change from
the stalk phase towards the lamellar phase for pure DOPC and the 1:1 mixture.
Both of these represent a shift towards positive mean curvature.

To analyze the changes in detail, it is necessary to distinguish direct effects
on the curvature from those due to a changed effective hydration level. For pure
DOPE, this can be accomplished by taking into account that in the absence of
peptides the stalk phase is only observed at the lowest hydration levels simulated
while the inverted hexagonal phase appears to be the equilibrium phase at higher

12and is conventionally defined as positive for the surface of a micelle
13where the names indicate the function describing the respective surfaces’ cross-section with

a plane
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hydration. The observed change towards the stalk phase in the presence of the
fusion peptides is therefore unlikely to be caused by an increased effective hydra-
tion level, allowing us to ignore the additional volume contributed to the aqueous
bulk. We can conclude that for this system the adopted phase is determined
predominantly by the preferred curvature.

For the wildtype peptides this is not unexpected, if we consider that the sur-
face of the inverted hexagonal phase possesses uniform negative mean curvature,
making the interface unfavorable for the boomerang shape of the wildtype pep-
tides. The stalk phase, in contrast, possesses a positive curvature component
around the spherical cross-sections of the stalks that is able to accommodate the
peptides, while still displaying a negative overall mean curvature as demanded
by DOPE. The linear G1V mutant and the inverted W14A mutant, on the other
hand, lack the wildtype’s requirements of a positive curvature component and are
consistently observed to disturb the inverted hexagonal phase to a much lower
degree.

The fact that the presence of the mutant peptides is still found to increase the
number of occurrences of the stalk phase compared to the peptide-free reference
indicates an additional contribution that does not depend on the peptides’ precise
shape. This can be rationalized as an effect of the peptides increasing the required
interface area while contributing no volume to the distal region of the lipid tails,
which in consequence raises the spontaneous mean curvature of the surface and
favors the stalk phase over the inverted hexagonal phase.

For pure DOPC and the 1:1 mixture, a distinction of curvature from volume
effects is more difficult, since the observed change would be favored both by a more
positive mean curvature and a higher hydration level. Looking at the peptides’
location in the systems that adopt the stalk phase in their presence, however, we
find that the peptides do not strictly co-locate with the stalks, and are frequently
found in the planar regions of the surface. It is therefore unlikely that the fusion
peptides can act to stabilize the stalk phase with respect to the lamellar phase,
again suggesting an effect of more positive spontaneous mean curvature.

To understand the apparent inconsistency of a stabilization of stalks in pure
DOPE but not in the mixture and pure DOPC, it is necessary to take the dif-
ference of the stalk phases observed into account. For pure DOPE, the assumed
surface bears a high resemblance to either the inverted hexagonal phase or the
theoretically predicted surface for stalk phases displaying constant negative mean
curvature over the whole surface [7] (compare with Chapter 2.3). In both of these
geometries, the overall negative mean curvature can potentially act to increase
the significance of the stalks’ midsections’ high positive principal curvature. For
the stalk phase formed for the mixture, on the other hand, the mean curvature is
close to zero in the planar regions and locally negative in the stalks, making the
stalks the most unfavorable area for peptides inducing positive curvature.

While the induction of positive mean curvature by the fusion peptides appears
to contradict experimental findings in which the peptides lower the lamellar-to-
inverted hexagonal phase transition temperature [26], this may be due to a con-
centration dependence of the effects. At high concentration comparable to that
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in our simulations, the fusion peptides are found to increase the inverted hexago-
nal phase lattice constant in x-ray diffraction experiments [34], indicating a more
positive mean curvature and supporting our interpretation.

Fusion peptides allow formation of phases with high negative Gaussian
curvature

Another effect of the fusion peptides observed in our simulations is the formation of
bicontinuous cubic phases, which, judging from our data for the wildtype peptides,
is insensitive to the spontaneous mean curvature of the lipid mixture. These
findings, which are in agreement with experimental reports of a reduced formation
temperature for cubic phases in the peptides’ presence [26], indicate a stabilization
of negative Gaussian curvature.

While this could in principle be accomplished by a mechanism in which the
peptides simultaneously influence both principal curvatures, one towards positive
and the other towards negative values, there is no strong evidence for a stabiliza-
tion of a negative principal curvature in the peptides’ structure. If one, however,
does not postulate a direct effect on both principal curvatures, a mechanism in
which only a positive curvature component is stabilized is sufficient to rationalize
both the shift towards positive mean curvature as well as towards negative Gaus-
sian curvature. In this mechanism, the positive curvature component induced by
the peptides can manifest itself as the adoption of a phase with an overall more
positive mean curvature, as argued above. Alternatively, the positive curvature
can be limited to only one of the principal curvatures and be compensated by a
decrease of the second, giving rise to negative Gaussian curvature. Such a mecha-
nism would ordinarily be counteracted by the lipids’ negative Gaussian curvature
modulus [72], which associates negative Gaussian curvature with an increase of
elastic bending energy in the Helfrich model (see Section 2.3.2). However, these
energetic costs might be reduced by the fact that the peptides replace the lipids at
the regions of most negative Gaussian curvature, potentially rationalizing the less
negative Gaussian curvature modulus in the presence of the peptides proposed by
Siegel [73]. As such, the peptides’ role in the induction of negative Gaussian cur-
vature14 would be to supply a positive curvature component and simultaneously
reduce the energetic costs of Gaussian curvature.

Judging from our data, the increase of the overall mean curvature and the
induction of negative Gaussian curvature can occur simultaneously as in the shift
from the inverted hexagonal to the stalk phase for pure DOPE, or present mutually
exclusive ways to reach local minima in the energy landscape as in the shift from
the stalk phase to either the lamellar phase or the single diamond phase for the
1:1 mixture of DOPE and DOPC. In conflicting cases like the latter, which phase
is adopted is likely to be strongly dependent on the peptides’ positions, making
the decision a stochastic process.

Concerning the observed selectivity of the wildtype and mutant peptides in
the stabilization of either the single or the double diamond phase, there is no

14at least in lipid mixtures with a negative spontaneous mean curvature
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difference in the total amount of Gaussian curvature per primitive unit cell be-
tween these two phases. However, the single diamond phase, that is only observed
in the presence of the wildtype peptides, possesses the higher maximum positive
principal curvature, in agreement with the wildtype’s stronger ability to induce
positive curvature via its boomerang shape. The double diamond phase possesses
a lower maximum positive principal curvature, reflecting the non-fusogenic mu-
tants’ decreased ability to induce positive curvature.

The observation of a single bicontinuous cubic phase is especially significant,
since, to the best of the author’s knowledge, only double cubic phases have been
reported for lipid systems before. Considering that the general prerequisites for
lipid phases are a uniformly constant mean curvature and thickness (see Sec-
tion 2.3.1), these conditions are satisfied by the double phases in which the mid-
plane of a curved bilayer corresponds to a balanced triply periodic minimal surface.
However, except for slight variations of the thickness which could potentially be
compensated by differentiated packing, they are also satisfied by single phases, in
which a network of elongated micelles forms a surface parallel to such a surface.
In addition, it has been predicted in a field theoretic study that pores and stalks
in close proximity stabilize each other [56], presenting further evidence for the en-
ergetic feasibility of the single diamond phase. A detailed discussion of the single
diamond phase has been published in [69].

4.4.4 Connection to fusion

In light of the peptides’ function in vivo, it is interesting to relate our findings to
the fusion process.

Stalk formation

We will first look at the facilitation of stalk formation as the predicted initial step
of the fusion pathway.

In our simulations of the formation of stalks in dehydrated lamellar systems,
we observe an inhibition of stalk formation in the presence of the peptides. How-
ever, taking into account the increased inter-bilayer distance in the presence of the
peptides, it is difficult to interpret these results as an actual effect of the peptides
on the thermodynamics of stalk formation. An improved approach would have
to take the increased effective hydration into account, which could be in prin-
ciple accomplished by using the maximum inter-bilayer distance at which stalks
are formed as an indicator of the efficiency of stalk formation rather than the
maximum amount of water per lipid. However, our findings already illustrate the
problems due to the metastability of lipid aggregates, with only one out of four
simulations forming a stalk within 4 µs in the absence of peptides at a hydration
level of 2.65 water molecules per lipid at 323 K. One therefore would have to
increase the length of the simulations or use a high number of independent runs
to gain reliable results.

While we therefore do not have data on the kinetics of stalk formation in
metastable systems, our data of spontaneous aggregations indicates an increased



4.4. DISCUSSION 51

energy of stalks for mixtures for which the equilibrium phase in the absence of
peptides is a lamellar configuration. As such, our data does not support an effect
on stalk formation as the mechanism by which the fusion peptides facilitate fusion.

Stabilization of cubic phases

Conventionally, the stabilization of double bicontinuous cubic phases is consid-
ered an indicator of fusogenicity, due to the local resemblance of these phases to
fusion pores. In that sense, our observation of the double diamond phase in the
presence of the G1V and W14A mutants would indicate a facilitation of fusion
in their presence, contrary to experimental findings. However, fusogenicity and
stabilization of cubic phases are not always strictly related [32], and at least for
the fusion peptide of SIV15 a non-fusogenic mutant was found to stabilize these
phases to a higher extent than the fusogenic wildtype [33].

In addition, our observation of the single instead of the double diamond phase
in the presence of the wildtype peptides does not necessarily indicate that the
wildtype cannot act to stabilize double bicontinuous cubic phases. Judging from
our conclusions on the fusion peptides’ general stabilization of negative Gaussian
curvature, one would rather expect them to also decrease the energy of double
phases and hence fusion pores, even though single phases might be stabilized even
more due to their larger maximum positive curvature component, as argued above.

Alternatively, it is also possible that the fusion peptides act, at least partially,
by facilitating a different stage of the fusion process. A potential candidate would
be the stabilization of stalk-pore complexes that possess local similarity to the
single diamond phase, that have been reported as intermediate stages in simula-
tions investigating vesicle fusion [54, 55, 74], and were also observed in our own
simulations described in Chapter 3.

15simian immunodeficiency virus
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Chapter 5

A tool for the morphological
analysis of lipid aggregates

Shape is all the geometrical information that remains when location,
scale and rotational effects are filtered out from an object.

David George Kendall

When analyzing computer simulations of mixtures of lipids and water, the ques-
tions to be answered are often of a morphological nature. They can deal with
global properties, like what kind of phase is adopted or the presence or absence
of certain key features like a pore or stalk, or with local properties like the local
curvature present in a particular part of the lipid/water interface. While all infor-
mation for both the global and the local morphological properties of a system is
in principle contained in the set of atomic coordinates obtained from a computer
simulation, their extraction is tedious and usually involves using a visualization
program and doing the analysis by eye. Here we present a tool that employs the
technique of morphological image analysis (MIA) to automatically extract the
global morphology, as given by Minkowski functionals, from a set of atomic coor-
dinates and creates an image of the system onto which the local curvatures are
mapped as a color code.

5.1 Introduction

5.1.1 Motivation

With the development of new models and the steady increase of computational
power available, computer simulations have become more and more valuable in the
study of lipid systems. While the exact conformation of individual lipid molecules
is of interest for some applications, most of the time the focus is on the behavior
of aggregates of lipids as a whole. Recent examples have been reviewed in [41].

Many of these studies have in common that at some point during the analysis
of the simulation a morphological property of the system, i.e. a property that
solely depends on the shape of the lipid aggregate, needs to be characterized. In
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the case of the more general properties like the adopted phase and presence or
absence of stalks or pores the task at hand can be accomplished by loading the
obtained coordinates into a visualization program and doing the analysis by eye,
but analyzing a large number of simulations in this way can be tedious. In the
case of the determination of more specific, quantitative properties like interface
area, volume or curvatures this naive approach is even principally impossible.

A possible way to automatize morphological analyses of trajectories generated
by computer simulations is to use the technique of morphological image analysis
[4] to extract morphological information in the form of Minkowski functionals
[3]. This approach has been used to study, e.g., a distribution of pores [75],
membrane fusion events during a phase transition [76] and to monitor the self-
assembly of vesicles [77]. Another approach is to describe morphological features
as persistent voids based on the framework of alpha shapes [78] and persistent
homology [79] and has been applied to characterize vesicle fusion [80]. However,
no implementation of either method is currently readily available to the majority
of researchers, especially not as part of any of the widely-used molecular dynamics
software-packages.

Here, we present an extension of the Gromacs software package [67] that en-
ables morphological image analysis of molecular aggregates. In addition, the op-
tion to extract local curvatures has been added to the method, which to the
author’s best knowledge has not been employed before, at least in the field of
lipid aggregates.

5.1.2 Theory

In three dimensions, there are four Minkowski functionals corresponding to the
volume whose morphology is to be determined, the area of the interface separating
that volume from the rest of the system and the integrated mean and Gaussian
curvature of that interface1. As such, both geometrical (shape) and topological
features (connectivity) are characterized2.

For black and white digital, i.e. pixelated, images, the extraction of the
Minkowski functionals is well-established and can be accomplished by simply
counting the pixels and pixel-components of lower dimensionality comprising the
image. This means, that for three-dimensional pictures one only needs the num-
ber of voxels3 and the number of faces, edges and vertices these voxels consist
of, where voxel components shared by several voxels are counted only once. The
Minkowski functionals can then be obtained as sums over these numbers as given
in Table I. A way of obtaining the morphology of a set of coordinates is therefore
to translate the system into a three-dimensional image composed of black and
white voxels [4].

1Alternatively, integrated mean and Gaussian curvature can be replaced by the mean breadth
and Euler characteristic, to which they are proportional (see Table I).

2Note, however, that while a given morphology specifies a specific set of Minkowski function-
als, the reverse is not necessarily true.

3i.e. the three-dimensional analog of pixels, essentially small cubes
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Table I: The relation between volume V , surface area A, mean breadth B, Euler
characteristic χ, integrated mean curvature H, integrated Gaussian curvature K, the
voxels’ edge length ξ and the numbers of cubic voxels nc and constituting faces nf , edges
ne and vertices nv defining the positive space.

morphological property related property

V/ξ3 = nc

A/ξ2 = −6nc + 2nf

2B/ξ = 3nc − 2nf + ne H = 2πB
χ = −nc + nf − ne + nv K = 4πχ

Advantages of this method are the straightforwardness of implementation and
its rigorousness in the sense that the resulting numbers are the exact values of
the Minkowski functionals for the image. Its only disadvantage is therefore the
approximation introduced by the image itself. The use of voxels entails a limitation
to right angles which imposes restrictions on the values for the surface area and
integrated mean curvature obtained with this method, causing several structures
to share the same value. As an example, removing any voxel from a cube of
eight voxels will leave the surface area and integrated mean curvature unchanged,
resulting in a general tendency to overestimate these functionals.

However, the Euler characteristic which only requires the connectivity to be
identical for the image and the original system can be determined exactly, and
the volume can be obtained with only slight errors minimizable by choosing a
sufficiently high resolution.

For a broad spectrum of morphological tasks the obtained values are sufficient,
even with the restrictions mentioned above. For most applications concerning
molecular aggregates, the Euler characteristic and the integrated mean curvature
are arguably the most important values. Purely topological analyses, including
both phase determination and the detection of stalks or pores, rely primarily on
the Euler characteristic which is not affected by the limitations of morphologi-
cal image analysis. In addition, due to the systematic nature of the error of the
integrated mean curvature, the obtained value can still be used to extract morpho-
logical information. Absence of mean curvature is accurately recognized as zero
mean curvature, and systems with positive can be distinguished from those with
negative total mean curvature. In addition, both the integrated mean curvature
and the surface area can be used to further characterize structures within families
of similar topology, since the lack of absolute values is not detrimental for relative
comparisons.

As an extension to this basic application of morphological image analysis, it
is also possible to obtain local values of the mean and Gaussian curvature. As
has been shown by Hyde et al. [81], every surface vertex can be associated with a
certain mean and Gaussian curvature. Again, these values are exact for the image
and summation over all surface vertices while taking into account the different
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surface areas associated with each vertex leads to global (integrated) values of the
mean and Gaussian curvatures identical to the ones obtained with the method
described above. Mapping the local curvatures onto the image as a color code
allows further characterization of the structure at hand, enabling easy detection
of areas of different curvature as well as detailed comparison of similar structures.

The rest of this chapter is organized as follows: In Section 5.2.1 and 5.2.2 details
about the implementation and the user-definable parameters are given, while Sec-
tion 5.2.3 describes the parameters used in the simulations that were analyzed
to test our program. Section 5.3 gives the results of these sample applications in
addition to tests performed on model systems.

5.2 Methods

5.2.1 Implementation

The implementation discussed in this publication was realized using the Gromacs-
3.3 software package [67], but should in principle compile with any version of
Gromacs from 3.0 to date with only minor modifications. The source code is
available upon request. Acceptable input file formats are the standard formats
supported by Gromacs.

Basic algorithm

We treat the image as a three-dimensional cubic grid representing the simulation
box, onto which every coordinate is mapped4. To avoid artificial empty spaces
introduced by representing atoms (or in the case of coarse-grained models groups
of atoms) by their center-of-mass only, every coordinate is expanded to a spher-
ical cloud of coordinates each of which is mapped onto the grid individually5.
Depending on the type and number of particles mapped to it, cells are declared as
positive or negative, where positive cells represent the molecular aggregate. The
global values of the Minkowski functionals can then be obtained by counting the
number of cubes, cube-faces, edges and vertices taking into account the periodic
boundaries.

For the local values of the mean and Gaussian curvature, every surface vertex6

is identified as one of the possible cases listed in Fig. 5.1, storing the corresponding
local curvatures given by the product of the interface-area and the curvature value
associated with that type of surface vertex. However, a mapping of the curvature
to voxels, not vertices is desired. To that end, non-surface voxels, i.e. positive

4Assuming the resolution of the grid is chosen sufficiently high, the distortion introduced
by a potential mismatch between grid and simulation box and by ensuring that the periodic
boundary conditions for non-rectangular boxes can be mapped is only minor.

5in the current implementation, the cloud is generated via a simple loop over spherical coor-
dinates, generating N3 coordinates within N equidistant shells containing N2 coordinates each,
corresponding to a density distribution decaying towards the perimeter

6i.e. every vertex that is part of both negative and positive voxels
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Figure 5.1: Overview of the possible types of surface vertices and the associated local
values of surface area a, mean h and Gaussian curvature k in dependence on the edge-
length ξ (adapted from [81]). For each pattern, values are given both for the positive
(black representing lipids) and the negative case (black representing water). While more
patterns are possible in principle, these represent noise and should not occur as long as
the resolution used does not exceed the coordinate density.
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Figure 5.2: Mapping of local curvature from surface vertices to voxels. After elimina-
tion of non-surface voxels (grey shaded squares), the curvature that has been calculated
for the surface vertices is distributed in equal parts to all adjacent surface voxels (ar-
rows). The local curvature C of the highlighted voxel is obtained as C = 1/2 i+ j+ 1/2k,
where i, j and k are the curvatures corresponding to the surface vertices adjacent to the
highlighted voxel. For simplicity, a two-dimensional example is given, but the method
applies equally for three dimensions.

voxels not contributing a single face to the interface are eliminated. The stored
curvatures of the surface vertices are then distributed in equal parts to the surface
voxels adjacent to that particular vertex, as illustrated in Fig. 5.2.

For the visualization of the local curvatures, a PyMOL [82] file is generated
that represents the image as voxels onto which the curvatures are mapped as a
color code. Due to the differences in the range of curvatures encountered, using a
fixed color-scale is impossible. We therefore employ a two-color scheme, in which
white corresponds to a curvature of zero, while the two colors are used to distin-
guish negative and positive curvature, with the intensity of the color indicating
the value. Full intensity is assigned to the voxel(s) with the maximum absolute
curvature encountered in a given system, and the color-range is symmetric in the
sense that full intensity indicates the same (absolute) value for both colors. While
this causes every image to get its own color-code, it is the most efficient scheme
to highlight differences in local curvature.

Optional steps

The data generated can often be improved considerably by performing some image
manipulation steps and averaging.

Image manipulation Depending on the particle density in the coordinate file
and the desired resolution of the grid, it is possible to include an image manip-
ulation step right after the creation of the image, in which isolated clusters of
either positive or negative cells below a certain size are interpreted as noise and
removed. As a benefit, performing this step allows the determination of the num-
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ber of actual isolated clusters above the threshold size at no additional cost, which
is useful morphological information in its own right.

Spatial averaging Due to the fixed nature of the grid even aggregates with
perfectly homogeneous curvature like a sphere will display different curvatures for
different regions, depending on how well the rasterization of the image fits the
surface in that region. In general, the curvature tends to be underestimated when
the surface is aligned with the grid, and overestimated when it is diagonal to the
grid.

Two options of spatial averaging can be employed to reduce this effect. First,
the obtained local curvature can be averaged over neighboring surface voxels
within a certain distance. In addition, it is possible to further improve the results
by performing the determination of local curvatures for multiple grid orientations.
For this, the resulting curvature values of each positive surface voxel for every ori-
entation are stored together with the coordinate corresponding to the center of
that voxel rotated back to the original orientation. The values of all rotations are
then mapped back onto the original grid, averaging the values over the entries
mapped onto the same cell. If needed, the resulting values can be averaged over
neighboring cells. Since it is not possible to preserve the periodic boundary con-
ditions with a rotated grid, the area of interest is centered in the box and only
cells within a certain distance from the center, i.e. cells that lie within both the
volume of the box and the rotated grid for all rotations, are taken into account.

Time averaging While not included as such in the current version of the pre-
sented tool, it can also be useful to average the curvatures over time, i.e. over
several snapshots of a trajectory. For the global values, this can easily be accom-
plished post-analysis by taking the floating average of the calculated curvatures.
For the local values, a time averaging can be performed on the coordinate level
prior to the analysis, effectively yielding time averaged curvatures.

5.2.2 User-definable options and parameters

It is, in general, not possible to use the same set of parameters for the analysis
of all possible structures and representations. The implementation therefore al-
lows most parameters to be determined by the user. This section describes the
parameters and discusses what to consider to achieve the optimal results. The
corresponding command line options are given in parentheses.

Input files The tool needs a coordinate or trajectory file (-c) and an index file
(-n) in which the particles that correspond to the positive phase are listed.

Imaging options The edge length of the grid (-dim), the radius of the spher-
ical cloud used to expand the coordinates (-sr) and the number of coordinates
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generated during the expansion (-npts) as well as the minimum number of coor-
dinates mapped onto a grid cell required to count it as positive (-thresh1) need to
be specified.

As a general consideration, the resolution needs to be high enough to accu-
rately depict the structure to be analyzed, but is limited by memory requirements,
due to several three-dimensional arrays required during the computation7. In ad-
dition, using a high resolution usually requires expansion of the coordinates to
avoid artificial empty voxels caused by the limited coordinate-density, which par-
tially offsets the desired high resolution. The radius of the spherical cloud should
therefore be chosen as the smallest radius sufficient to avoid noise.

It also turns out that, in order to accurately detect flat morphologies as hav-
ing zero mean curvature, it is required to calibrate the parameters used. Since
molecular aggregates usually have a low short-range order, fluctuations of indi-
vidual molecules from the mean will show as either bumps or dents in the created
image. Since a given resolution does not necessarily have the same propensity for
producing bumps as for producing dents a net-curvature will be measured. The
threshold parameter can be used to adjust the number of “positive” coordinates
mapped onto a single grid-cell required to count that cell as positive to, on av-
erage, produce an equal number of bumps and dents and therefore not introduce
artificial mean curvature to the measurement.

In addition, it is possible to also use the coordinates of the particles corre-
sponding to the negative phase, mapping them onto the grid as has been described
above but counting them as negative. If that is desired, the number of phases to
consider must be set from 1 to 2 (-np), and the index file needs to contain a second
group in which these particles are listed.

If isolated clusters below a certain size are to be removed (see above), the
maximal cluster size to be considered noise must be specified (-cs).

Averaging options The range over which the local curvatures are averaged
over neighboring voxels needs to be specified (-ar1 and -ar2), with a value of zero
indicating no averaging. Two values are needed, one for the averaging for every
single grid orientation (-ar1) and one for the averaging after the values of all grid
orientations have been collected (-ar2).

If multiple grid orientations are to be used, the number of rotations around
every axis (-nx, -ny and -nz) and the corresponding angle increments (-depsilon,
-dphi and -dtheta), as well as the radius around the center of the box within which
voxels are considered have to be set (-dr)8. In order to achieve the best result,
care must be taken to avoid sampling similar orientations.

In addition, a threshold can be specified to only count voxels as positive if
a minimum number of local curvatures corresponding to different rotations has
been mapped on that voxel (-thresh2). However, unlike the other averaging steps,
this option will discard curvature and no longer give the exact results and should

7no attempt was made to optimize the code in this respect
8This radius needs to be specified as a value between 0 and 1 and will be multiplied with

half the smallest box dimension internally.
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therefore be used with care. For the results presented in this work, a threshold of
zero has been used, effectively disabling this option.

For the results discussed in Section 5.3, the grid resolution and the radius used for
the expansion of the coordinates will be given along with the number of rotations
and the distance used for the averaging of the local values.

5.2.3 Simulation setup

The simulations shown in this article were performed using the coarse-grained
MARTINI model [46] with the Gromacs-3.3 software package [67] using the stan-
dard run-parameters for the MARTINI model at a timestep of 40 fs. Both pressure
and temperature were coupled to a reference value using the Berendsen scheme
[53]. Lennard-Jones and Coulomb interactions were obtained every step for par-
ticles within a cut-off of 1.2 nm according to a neighbor list updated every 10
steps. Both the Lennard-Jones and Coulomb potential were modified with a shift
function to have the interactions smoothly vanishing at the cut-off. Electrostatic
interactions were screened with an effective dielectric constant of 15.

Three processes were used as sample applications: spontaneous aggregation of
lipids into a lipid bilayer, closure of a pore in a membrane, and stalk formation
between apposed lipid bilayers.

Spontaneous aggregation The system simulated consists of 256 DOPE9 lipids
with 768 water beads, representing a level of hydration of 12 water molecules per
lipid, starting from random coordinates. The simulation was carried out at a
reference temperature of 315 K with a coupling time constant of 0.5 ps, and
with anisotropic pressure coupling with a compressibility of 5x10−5 bar−1 for the
diagonal elements and 1x10−7 bar−1 for the off-diagonal elements of the pressure
tensor, coupling time constants of 1.2 ps and reference pressures of 1.0 bar.

Porated membrane The system consists of a bilayer of 128 DPPC10 lipids
with a preformed pore at excess hydration (2653 water beads). After a short
equilibration, the simulation was carried out at a reference temperature of 323 K
with a coupling time constant of 1.0 ps, and with semi-isotropic pressure coupling
with a compressibility of 1x10−5 bar−1, a coupling time constant of 1.0 ps and a
reference pressure of 1.0 bar for the direction perpendicular to the bilayer and a
compressibility of 0 bar−1 for the plane containing the bilayer.

Stalk formation The initial configuration was two bilayers of 98 DOPE lipids
each, separated by two slabs consisting of 65 water beads each, corresponding
to an effective hydration level of 2.65 water molecules per lipid. To induce the
formation of stalks, the simulation was carried out at a reference temperature of
375 K with a coupling time constant of 0.5 ps, and with semi-isotropic pressure

9dioleoylphosphatidylethanolamine
10dipalmitoylphosphatidylcholine
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Figure 5.3: The spherical model system. The volume of the spheres has been filled
with coordinates at a regular distance (d = r/20) dependent on the radius r (large
black dots). In addition, the surface as the most crucial part has been covered with
coordinates at a very high density (small grey dots).

coupling with a compressibility of 1x10−5 bar−1, a coupling time constant of 1.2
ps and a reference pressure of 1.0 bar for all directions.

5.3 Results

5.3.1 Model systems

The method was first tested on two artificially constructed model systems with a
very high coordinate-density: a solid sphere and a toroidal pore. This way, the
potential of the method could be assessed by analyzing virtually noise-free struc-
tures and the exact values for these ideal geometries were available for comparison.
Plots of the coordinates of the model systems used are depicted in Fig. 5.3 and
5.4.

Spheres Fig. 5.5 shows the measured and theoretical values of the Minkowski
functionals for solid spheres of different radii. The image was constructed with a
resolution of 0.4 nm and expansion of the coordinates to spheres of 0.2 nm. As
predicted for a solid object, the Euler characteristic is obtained with the exact
value of 1. The volume of the image is only slightly higher than that of the
original, which is due to the rasterization of the image and the expansion of the
coordinates to spheres. The surface area and integrated mean curvature, however,
are overestimated to a larger extent. In fact, the obtained values lie between the
values of the sphere and a cube with an edge-length identical to the diameter of the
sphere (see discussion in Section 5.1.2). Nevertheless, the values are proportional
to the values of the original and could therefore in principle be used to distinguish
spheres of different size.
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Figure 5.4: The model system of the ideal toroidal pore (A: xz plane, B: xy plane).
The volume of the porated slab has been filled with coordinates at a regular distance of
0.176 nm in the x and y and 0.2 nm in the z direction (large black dots). In addition,
the curved surface as the most crucial part has been covered with coordinates at a very
high density (small grey dots).
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Figure 5.5: Morphological image analysis of model systems of solid spheres of different
radii (lines between measured points serve to guide the eye). For comparison, calculated
values corresponding to the underlying geometry are plotted (dashed lines).

For the calculation of the local curvatures, eight rotations around every axis
were used and values were averaged over neighboring voxels up to a distance of
three grid cells. Looking at the mapping onto the image as shown in Fig. 5.6, we
find that both mean and Gaussian curvature are accurately mapped with positive
values. While the mean curvature is correctly mapped almost homogeneously over
the whole surface, the distribution of the Gaussian curvature for the larger sphere
is less even, even with the performed averaging. This is a symptom of a general
difficulty in the mapping of the Gaussian curvature found in most of our measure-
ments for systems which display large areas of homogeneous Gaussian curvature11.
However, while this behavior might seem problematic at first, it is partially due
to the color-scale employed, which assigns full color intensity to the voxel with the
highest absolute curvature (see Sect. 5.2.1). In the presence of regions with high
Gaussian curvature (as in the example of the smaller sphere), these are accurately
detected, and artificial fluctuations in regions of lower Gaussian curvature become
relatively less important as well as less visible in our depiction.

Toroidal pores Fig. 5.7 shows the values of the Minkowski functionals for a
toroidal12 pore through an 8.8×8.8 nm2 layer of 4.0 nm thickness in dependence
on the pore radius13, obtained using a grid-size of 0.2 nm and expanding the
coordinates to a radius of 0.1 nm. In addition, the analytical values for the

11To a lesser extent this is also true for the mean curvature; however, the values of the mean
curvature tend to be higher and therefore less sensitive to artificial fluctuations caused by the
rasterization.

12i.e. a pore in which the curvature of the surface varies smoothly in a manner identical to
the “inner” part of a torus

13defined as the radius of the actual opening
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Figure 5.6: Mapping of the local values of mean (A, C) and Gaussian (B, D) curvature
onto the constructed images of spherical model systems. Shown are the results for
spheres with a radius of 2 nm (A, B) and 5 nm (C, D). Positive curvature is depicted
as red, zero curvature as white and negative curvature as blue.

volume V , surface area A and integrated mean curvature H are plotted14:

V = Vslab − Vcyl + π2d2(d+ r)− 4/3 πd3, (5.1)

A = 2 (Arec − Acirc) + 2π2d(d+ r), (5.2)

H = π2(d+ r)− 4πd. (5.3)

In these expressions d is half the thickness of the slab, r is the radius of the pore
at its smallest extension, Arec is the area of the bottom or top of the unporated
slab, Acirc is the area of the circle with radius d + r, Vslab is the volume of the
unporated slab and Vcyl is the volume of the cylinder with a height of 2d and a
radius of d+ r.

As before, the Euler characteristic is obtained with the exact value of -1 and
the volume of the image is higher, but proportional to that of the original. The
surface area is overestimated to a larger extent, again showing how the area of
curved surfaces is increased by the rasterization of the image. The fact that
the surface area of the image is actually found to be increasing over the whole
range of radii in disagreement with the values calculated for the original reflects
the increasing percentage of the total surface that is curved for larger pore-radii.
This causes the slight decrease of surface area in the original geometry to be
overshadowed by the overestimation of areas of curved surfaces in the image.

The integrated mean curvature has the same general trend for both image
and original, but the amount of negative curvature is higher in the image for the
measured range of radii. This causes small pores to display negative values for
radii up to 1 nm, while the actual cross-over point for the original geometry is at
approximately 0.5 nm. In addition, it becomes apparent that the values obtained

14note that periodic boundary conditions apply
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Figure 5.7: Morphological image analysis of model systems of ideal toroidal pores of
different radii (lines between measured points serve to guide the eye). For comparison,
calculated values corresponding to the underlying geometry are plotted (dashed lines).

by morphological image analysis are discrete and not continuous15, causing small
changes in curvature in the original geometry to go unnoticed in the image.

The local curvatures were calculated using four orientations for each axis and
averaging over neighboring voxels up to a distance of five grid cells. Looking
at the mapping onto the image as shown in Fig. 5.8, the dominance of negative
mean curvature for pores of small radii found in the global values is also visible.
The mean curvature is accurately found to be minimal in the midsections of the
pores, reflecting the highest negative principal curvature located in that region,
and maximal close to the rim, reflecting the lowest negative principal curvature in
that region16 and is in fact accurately found to be approximately zero in the mid-
section of the pore of radius 2.0 nm (for this radius and a layer-thickness of 4.0 nm
the two principal curvatures cancel in this region). In addition, it becomes overall
more positive for higher pore radii, in accordance with the lower negative prin-
cipal curvature. The Gaussian curvature is also found to be accurately mapped,
with the maximum (negative) curvature found in the midsection and gradually
decreasing to zero the closer one gets to the rim for the two bigger pores. Only
for the smallest radius the minimum for the Gaussian curvature in the midsection
is not detected due to the pore size being close to the limit of the resolution used.
This problem could, in principle, be avoided by using a higher resolution.

It is worth mentioning that the negative space of the images of the ideal
toroidal pores is an image of a stalk. The corresponding stalks will therefore
have identical Gaussian curvature and surface area as the pores, and the mean
curvature will only invert its sign. For the global values it can therefore be deduced
that stalks are accurately characterized as having negative mean curvature, if one
considers that stalks have a certain minimum radius given by the length of the

15with the distance between the discrete levels depending on the grid resolution
16the second, positive, principal curvature is constant across the whole pore
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Figure 5.8: Mapping of the local values of mean (A, B, C) and Gaussian (D, E, F)
curvature onto the constructed images of model systems of ideal toroidal pores. Shown
are the results for pores with a radius of 0.4 nm (A, D), 1.2 nm (B, E) and 2 nm (C, F).
Positive curvature is depicted as red, zero curvature as white and negative curvature as
blue.

lipid tails (approximately 2.0 nm for a typical lipid tail of 16–18 carbon atoms).

5.3.2 Applications

Next we tested our method with trajectories and snapshots taken from actual
simulations of lipids. For these, it proved advantageous to define the positive phase
as only the atoms or beads corresponding to the lipid tails. That way, details like
pores are amplified and stalks can be distinguished from configurations in which
two membranes are merely close without contact of the hydrophobic cores.

Spontaneous aggregation The first application is the determination of the
phase adopted by a mixture of DOPE and water starting from random coordi-
nates in a spontaneous aggregation approach [38]. The Minkowski functionals
obtained using a grid size of 0.5 nm and expanding the coordinates to a radius
of 0.4 nm are shown in Fig. 5.9. Looking at the Euler characteristic as the most
significant morphological indicator, one can see that the system quickly adopts a
metastable phase in which it remains for a bit over 0.5 µs before it adopts its final
configuration, in which it remains for the rest of the simulation. The metastable
state has a negative Euler characteristic of -2, which compared to a lamellar state
suggests the presence of pores or stalks. Taking into account the amount of neg-
ative mean curvature, the state most likely is a stalk phase, since pores display
a higher mean curvature. The stable phase adopted for the rest of the simula-
tion has an Euler characteristic of 0, suggesting the lamellar or inverted hexagonal
phase. The fact that the integrated mean curvature remains negative rules out the
lamellar phase, leaving the inverted hexagonal phase. Visual inspection confirms
these findings.

Porated membrane As a second application, we looked at a closing pore in a
DPPC membrane. The Minkowski functionals shown in Fig. 5.10 were obtained
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Figure 5.9: Morphological image analysis of the spontaneous aggregation of a random
mixture of lipids and water into an inverted hexagonal phase.

using a grid size of 0.5 nm and expanding the coordinates to a radius of 0.4 nm.
The closure of the pore can be detected and is clearly reflected by the Euler
characteristic, the integrated mean curvature as well as the surface area, with the
observed changes in accordance with our earlier measurements for the model pores
(see above). The presence of noise especially in the integrated mean curvature
and the surface area stems from natural fluctuations in the coordinates as well
as translational movements of the system and fluctuations of the box size, all of
which cause changes in the image. However, averaging over time, as demonstrated
for the integrated mean curvature in Fig. 5.10 reduces the noise significantly.

The mapping of the local curvatures obtained for a snapshot of the open pore
is depicted in Fig. 5.11. Data from eight grid orientations for each axis at a
resolution of 0.3 nm while expanding the coordinates to 0.3 nm and averaging over
neighboring voxels up to a distance of three grid cells were used. The mean and
Gaussian curvature associated with the pore are accurately mapped as positive
and negative, respectively. While the distribution is less homogeneous compared
to the ideal model systems, this is not an artifact of the method, but the accurate
detection of features present in the analyzed coordinates. Regions with groups of
atoms protruding from the mean are correctly displayed as having high mean and
Gaussian curvatures17, whereas regions with a saddle-splayed surface are detected
as having a low mean and high (negative) Gaussian curvature. The general trend
of the location of the highest local mean curvature close to the rim of the pore and
the highest Gaussian curvature in the midsection found for the model systems is
preserved also in the simulated pores, but slightly modified by superposition of
effects due to deviations from the ideal toroidal shape.

For comparison, a snapshot of the underlying structure is shown in Fig. 5.12.

17In fact, the Gaussian curvature in these regions should be positive, however, this is likely
masked by the surrounding negative Gaussian curvature being carried into the relatively small
area of positive curvature by the averaging procedure.
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Figure 5.10: Morphological image analysis of the trajectory of a closing pore. In
addition to the properties indicated by the legend, the running average of the integrated
mean curvature is plotted in white.

Stalk formation Fig. 5.13 shows the Minkowski functionals obtained for the
formation of stalks between two DOPE bilayers at low hydration and high tem-
perature. Data was obtained using a grid resolution of 0.2 nm and expanding the
coordinates to a radius of 0.34 nm. Starting from a lamellar configuration, the
formation of the stalks is reflected by a change of the Euler characteristic from
0 for the two bilayers to -2, indicating the simultaneous formation of two stalks.
At the same time, the integrated mean curvature drops from 0 to negative values,
also indicating the formed stalks.

Shown in Fig. 5.14 is the mapping of the local curvatures of an isolated stalk
using data from four rotations of the grid around each axis at a resolution of
0.17 nm while expanding the coordinates to a radius of 0.34 nm and averaging
over neighboring voxels up to a distance of three grid cells. As for the simulated
pore, the detected curvature is not homogeneous, but the general trend of the
relative distribution of curvature between foot (the counterpart to the rim of a
pore) and midsection is preserved also here: A higher (negative) mean curvature is
observed close to the foot of the stalk and a higher (negative) Gaussian curvature
close to the midsection. While part of the observed inhomogeneities, especially in
regions of relatively low curvature, are likely caused by artificial noise introduced
by insufficient averaging, most of the detected curvature again can be attributed
to actual morphological properties contained in the analyzed coordinates.

A snapshot of the formed stalk is shown in Fig. 5.15.

5.3.3 Computational costs

To give a rough indication of the time required to perform the presented analyses,
we will state the CPU-time18 used for some of the performed calculations. This
is not meant as an extensive analysis of scaling and computational efficiency, but

18on an Intel Core 2 DUO 6700 2.66 GHz CPU
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Figure 5.11: Visualization of the local distribution of mean (A) and Gaussian (B)
curvature for a snapshot of a pore in a DPPC membrane. Positive curvature is depicted
as red, zero curvature as white and negative curvature as blue.

Figure 5.12: Snapshot taken from the trajectory of a closing pore in a DPPC mem-
brane. For clarity we show only the beads representing the lipid carbon tails (the
terminal beads are shown in black, the remaining beads in grey), which are the beads
used to define the positive space in our analysis.
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Figure 5.13: Morphological image analysis for the simulation of stalk-formation start-
ing from two isolated bilayers.

rather as a help for readers interested in using the method. So far, the program
has not been optimized for computational efficiency; however, even so, the time
required for performing the presented morphological analyses is in the order of
only a few minutes.

For the computation of the global morphology for the trajectory of the closing
pore shown in Fig. 5.10, a total CPU-time of 120.135 s was used for all 2,500
frames, corresponding to approximately 50 ms per frame. Reducing the grid
resolution by a factor of two, the CPU-time required for the whole trajectory
drops to 103.511 s.

For the computation of the local curvatures, the time required for the analysis
of the largest of the model pores presented in Fig. 5.8 is 186.527 s, corresponding
to approximately 7 s per orientation used in the averaging. As before, reducing
the grid resolution increases the performance, with a reduction by a factor of
two dropping the required time to 131.635 s. In comparison, the analysis of the
local curvature for a snapshot of the pore taken from the simulation referred to
in the previous paragraph is much faster, due to the lower coordinate density and
system size. The results shown in Fig. 5.11 required a CPU-time of 57.376 s,
corresponding to 167 ms per orientation used for the averaging.

5.4 Conclusions

Our tool uses the technique of morphological image analysis to analyze sets of
coordinates describing aggregates of soft matter. The implementation aims at
the analysis of mixtures of lipids and water obtained from molecular dynamics
simulations, but is in principle applicable to all kinds of coordinates describing
binary mixtures and independent of the model and the method used to generate
the coordinates.

It has been demonstrated to be helpful in a range of morphological tasks, in-
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Figure 5.14: Visualization of the local distribution of mean (A) and Gaussian (B)
curvature for a snapshot of a stalk between two DOPE membranes. Positive curvature
is depicted as red, zero curvature as white and negative curvature as blue.

Figure 5.15: Snapshot of a stalk formed between two apposed DOPE membranes. For
clarity we show only the beads representing the lipid carbon tails (the terminal beads
are shown in black, the remaining beads in grey), which are the beads used to define
the positive space in our analysis.
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cluding phase detection and monitoring of dynamic processes like stalk-formation
and pore-closure. While the obtained global values of the Minkowski functionals
are subject to the limitations inherent in the technique of morphological image
analysis, i.e. an overestimation of surface area and integrated mean curvature, the
most significant value, the Euler characteristic, is obtained correctly and virtually
free of noise. The systematic nature of the error in the total mean curvature, on
top of that, allows its use for comparative analyses and to generally detect pres-
ence or absence of mean curvature and distinguish systems with negative from
those with positive values, enabling a broad spectrum of applications. Only in
complex systems that contain both stalk- and pore-like structures simultaneously,
one might run into problems in the interpretation. In such ambiguous cases, using
an analysis of the number of separate clusters for both components of the binary
mixture, that is also part of our implementation, can help.

In addition, by mapping the local values of mean and Gaussian curvature onto
an image representing the system, morphological features inaccessible to the naive
analysis by eye were able to be visualized. While there remain some difficulties to
avoid artificial inhomogeneities in the detection of local curvature in larger areas
of low homogeneous curvature due to the rasterization of the underlying image,
the general trend towards a specific curvature in a given area is preserved and
areas that show an actual prevalence of either positive or negative curvature in
comparison to their neighborhood are accurately visualized.

So far, our implementation only analyzes coordinate sets as they are generated
by the simulation, with no option of time averaging over multiple frames of a
trajectory. If analysis of average structures is desired, it is therefore necessary to
create an averaged coordinate set pre-analysis.

We hope that with the inclusion of our program into the Gromacs software
package, a wide range of users may benefit from using morphological image anal-
ysis for their research.
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Chapter 6

Effects of bundling on the
properties of the SPC water
model

Nothing in the world is more flexible and yielding
than water. Yet when it attacks the firm and the strong,

none can withstand it, because they have no way to change it.
So the flexible overcome the adamant, the yielding overcome the

forceful. Everyone knows this, but no one can do it.

Lao-Tse

Simultaneous representation of molecules at an all-atom and coarse-grained level,
as required by multiscaling molecular dynamics simulations, poses problems for
the treatment of small molecules. If more than one of these molecules are mapped
to a single coarse-grained interaction site, unrestricted movement in the all-atom
representation can make a meaningful correspondence of the coordinates be-
tween the two representations impossible. Restricting the relative movement of
molecules mapped to the same coarse-grained interaction site solves that problem,
but will have consequences for the properties of the model. Here we investigate
the effects of introducing bundling to the common simple point charge (SPC) wa-
ter model and present a bundled water model that preserves important properties
of SPC water relevant for multiscaling.

6.1 Introduction

Coarse-grained models have become a powerful tool in molecular dynamics sim-
ulations, significantly increasing the accessible system sizes and time scales of
simulations [83]. Although the resolution of coarse-grained simulations is suffi-
cient for a broad range of applications, for some questions the resolution of an
all-atom model is required. However, the higher resolution of the fine-grained
representation is often not needed for the entire system, or not necessary for the
entire duration of the simulation. For these cases, multiscaling methods are being
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developed in which different parts of the system are represented in different detail
or the level of detail can be smoothly switched from coarse-grained to all-atom
and vice versa [84].

The current approaches to accomplish this involve treating the system at both
levels of detail simultaneously and require a mapping of atoms of the fine-grained
representation to the interaction sites of the coarse-grained representation, where
the coordinates of those coarse-grained beads are set to be identical to the center-
of-mass of the corresponding fine-grained atoms (for examples see publications
on spatial multiscaling, e.g. [85], and Hamiltonian exchange, e.g. [86]). Nat-
urally, this leads to problems when several small molecules are mapped to the
same coarse-grained bead because the correspondence of the coordinates between
the representations becomes meaningless when the fine-grained molecules diffuse
too far away from each other. It therefore becomes necessary to restrict the rel-
ative movement of small molecules that are mapped to the same coarse-grained
interaction site for the duration of the simultaneous simulation.

Solvent is the most commonly needed small molecule in molecular dynamics
simulations, making water an ideal candidate for studying the effects that intro-
duction of bundling has on the properties of the model. Here we present a water
model based on the widely used SPC water model [87], restricting the relative
movement within groups of four water molecules as required for multiscaling simu-
lations based on the MARTINI coarse-grained model [46]. A number of properties
of the bundled model important for multiscaling are compared to the properties of
SPC water and the MARTINI model. The bundled water model should, however,
also be applicable in combination with other coarse-grained models based on a
four-to-one mapping.

6.2 Methods

6.2.1 General simulation setup

All simulations were performed using the Gromacs software package version 3.3.1
[67] employing the leapfrog integrator. The simulations are either purely (bun-
dled) fine-grained or coarse-grained. No multiscaling simulations or translations
from coarse- to fine-grained or vice versa are reported in this publication.

All-atom simulations The fine-grained simulations are based on the GRO-
MOS 53A6 force field [88] using a timestep of 2.5 fs. Non-bonded interactions
were calculated using a twin-range cut-off scheme. Lennard-Jones and Coulomb
interactions within 0.9 nm were evaluated every timestep based on a neighbor
list updated every 5 steps. Interactions beyond that cut-off but within 1.4 nm
were calculated at every update of the neighbor list and assumed constant until
the next update. For electrostatic interactions beyond 1.4 nm a reaction field
correction [89] was included with a dielectric constant of 54.

Except noted otherwise, the simulations were carried out in a cubic simulation
box under periodic boundary conditions at isotropic pressure coupling using the
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Berendsen scheme [53] with a reference pressure of 1 bar, a coupling time constant
of 0.5 ps and a compressibility of 4.6x10−4 bar−1. The temperature was coupled to
298 or 323 K using the Berendsen thermostat [53] with a coupling time constant
of 0.1 ps. Simulations were performed starting from an equilibrated system of
1,068 water molecules.

In the simulations using the unmodified SPC water model the water geometry
was constrained using the SETTLE algorithm [90]. This was no longer possible in
the bundled models and the equivalent rigid-body geometry of water was achieved
by using the LINCS algorithm [91] to constrain the atoms of the individual water
molecules to a distance of 0.1 nm between oxygen and hydrogen and 0.1633 nm
between the two hydrogen atoms.

Two applications using the bundled water models were performed. A lipid bi-
layer consisting of 36 dipalmitoylphosphatidylcholine (DPPC) molecules solvated
with 40 water molecules (10 bundles of 4 water molecules) per lipid was simulated
at a temperature of 323 K under semi-isotropic pressure coupling conditions. The
model for DPPC is a development version of the GROMOS 53A6 force field for
lipids [92]. It has been shown that a system of this size is sufficient to yield
representative bilayer properties [93]. The starting configuration was taken from
an equilibrated system using SPC water. Water was bundled by applying the
restraints as appropriate for the bundled models in stages. Short simulations of
10-100 ps were performed during which the bundles formed from the dispersed
water molecules without noticeable artifacts. Once all water bundles were formed,
production runs of 25 ns were started.

The second application is that of a protein in water. Hen egg-white lysozyme
(Protein Data Bank entry 1AKI [94]) was solvated in water. Bundling the water
was performed in stages with the protein atoms frozen in place to avoid deforma-
tion. Energy minimization and a short equilibration run (10 ps) set the system up
for production. Production runs were analyzed over the first 10 ns of simulation.

Additional changes made to the SPC water model in the process of bundling
are documented in Sect. 6.3.

Coarse-grained simulations The coarse-grained simulations were made us-
ing the MARTINI model [46] using a timestep of 40 fs. Lennard-Jones and
Coulomb interactions were calculated every step for atoms within a cut-off of
1.2 nm according to a neighbor list updated every 10 steps. Both the Lennard-
Jones and Coulomb potential were modified with a shift function to smoothly
reduce them to zero at the cut-off. Electrostatic interactions were screened with
an effective dielectric constant of 151.

Except noted otherwise, the simulations were carried out in a cubic simulation
box under periodic boundary conditions at isotropic pressure coupling using the
Berendsen scheme [53] with a reference pressure of 1 bar, a coupling time constant
of 1.2 ps and a compressibility of 5.0x10−5 bar−1. The temperature was coupled
to 298 or 323 K using a Berendsen thermostat [53] with a coupling time constant

1Details of the MARTINI model can be found in the original publication [46].
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of 0.5 ps. Simulations were performed starting from an equilibrated system of 267
water beads (corresponding to 1,068 water molecules).

6.2.2 Determination of specific properties

Diffusion coefficients Data was gathered over 5 ns for the fine-grained sys-
tems and over 40 ns for the coarse-grained comparison with an output-frequency
of 1 per 2.5 ps for both.

The center-of-mass coordinates were extracted from the trajectory for all ob-
jects (molecules or bundles or coarse-grained beads) in the system and used to
calculate the mean-square displacement (MSD, 〈r2〉). A final plot of the average
MSD and of the standard-error in the MSD as a function of time t was obtained
by collecting the statistics over all molecules. Using the Einstein relation

〈r2〉 = 6Dt+ C, (6.1)

the diffusion coefficient D was obtained as one sixth of the slope of the plot. This
was done by fitting a linear function to the MSD plot starting from t = 50 ps up
to the maximum time at which both the plot of the mean-square displacement
and the standard-error still appear linear (0.3 ns). Error values were obtained in
the same manner as one sixth of the slope of the standard-error plot.

Viscosity The shear viscosity was calculated using the Einstein method relating
the shear viscosity to the time autocorrelation of the off-diagonal elements of the
stress tensor σ [95].

η =
V

2kBT

d

dt

〈[∫ t

0
σ(t′)dt′

]2
〉

(t→∞) (6.2)

The data was obtained from 2.5 ns of simulation, writing the stress data every 10
fs.

Rotational autocorrelation Specifically, the orientation of the vector defined
by the cross-product of the two vectors corresponding to the O–H bonds was cor-
related using the cosine of the angle between the orientations at different time
points. The autocorrelation was obtained for each molecule individually and
averaged over groups of 12 water molecules before fitting to the bi-exponential
decay-function:

f(t) = ce−t/τ1 + (1− c)e−t/τ2 . (6.3)

Final values of the fitted parameters were obtained as the average over all groups.
500 ps of simulation with an output-frequency of 1 per 5 fs were analyzed.

Surface Tension The simulations were started from an equilibrated system of
2,136 water molecules in a rectangular simulation box of 3.2292×3.2292×12.9 nm3

with the water molecules forming a continuous layer in the xy-plane but well
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separated from their periodic images in the z direction. The simulations were run
at constant volume for 1 ns generating output every 10 fs.

The surface tension γ was then calculated according to

γ = Lz

(
Pz −

Px + Py
2

)
1

2
, (6.4)

where Lz is the box-length in the z direction and Px, Py and Pz are the time
averaged diagonal elements of the pressure tensor in the x, y and z dimension,
respectively. The factor 1/2 stems from the fact that there are two surfaces in the
system.

Free energies of hydration Hydration free energies ∆Ghyd were obtained for
butane, ethanol and Na+ and Cl− ions using thermodynamic integration [96].
Several 1 ns simulations were performed in which the interactions of the solute
with the solvent were scaled with a constant factor λ with values from 0 (full
interaction) to 1 (no interactions) recording the dH/dλ values every 2.5 fs (where
H is the enthalpy). Simulations were performed for λ values spaced 0.1 apart. De-
pending on the different solutes, additional simulations were performed in regions
where dH/dλ varies strongly as a function of λ.

For each λ value the average dH/dλ value and error estimate were obtained,
both of which were plotted against λ. The free energy differences ∆G between
interacting and non-interacting solute and the corresponding errors were obtained
as the integral of the respective plots.

For each solute the process was performed in vacuum (∆Gvac) and in each of
the water models (∆Gsol). The free energy of hydration in each water model was
then obtained as

∆Ghyd = ∆Gvac −∆Gsol, (6.5)

and the error value as the sum of the errors in ∆Gvac and ∆Gsol.

Error values For average properties calculated from a time series the given
error values are error estimates obtained via block-averaging [68]. For properties
averaged over an ensemble of N molecules or groups of molecules, the standard-
error is given.

6.3 Parametrization of the bundled SPC water

model

The bundling potential The effect that has to be accomplished by the bundling
is to keep the clustered molecules as first neighbors. Otherwise, mixing water bun-
dles could have very close (or identical) centers-of-mass, giving rise to overlapping
interaction sites in the coarse-grained representation.

The bundling is achieved via the introduction of attractive harmonic potentials
between all pairs in the groups of clustered water molecules, causing the clusters
to adopt a roughly tetrahedral shape. Since the equilibrium distance for first
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Figure 6.1: The effects of bundling on the density of water at 323 K as a function of
the strength of the introduced restraining potential. The density of SPC water under
the simulated conditions is 952.3 kg m−3. The line between the calculated points serves
to guide the eye.

neighbors in the SPC water model is approximately 0.28 nm, it makes little sense
to have the potentials already affect the molecules within that distance and we
chose to have the potentials start at an onset of 0.3 nm. At that distance, the
potential starts at zero and continues according to

Vbundling =
1

2
kdr(rij − 0.3nm)2 (6.6)

in which kdr is the force constant and rij is the distance between the oxygen atoms.

Reproducing the density The most important property to reproduce is the
density. We therefore chose to model the bundled water to have a density of 952.3
kg m−3 which is the density of SPC water at 323 K2 under the conditions of our
simulations. The introduction of attractive potentials will increase the density of
the model, with the extent of the increase depending on the strength of the force
constant.

Fig. 6.1 shows the effect of the restraining force constant kdr on the density
for SPC water at 323 K. The increase of the density is significant, with a high
force constant effecting a greater increase than a small one. However, lowering
the force constant will only reproduce the original density at zero. Therefore, a
compensating interaction to decrease the density is needed. This was initially at-
tempted by increasing the distance of water molecules within one cluster without
directly affecting the interactions of molecules belonging to different clusters. Un-
fortunately, introducing a repulsive harmonic potential between the oxygen atoms
or alternatively increasing the C12-parameter of the Lennard-Jones potential

VLJ(rij) =
C12

r12
ij

− C6

r6
ij

(6.7)

2323 K was chosen because it is a standard temperature for many lipid systems which are of
special interest to the author.
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Table I: Overview of the parameters changed with respect to SPC water in the models
used to study the effects of bundling (kdr: Force constant of the introduced restraining
force, C12: C12-parameter of the Lennard-Jones interaction between oxygen atoms).

kdr [kJ mol−1 nm−2] C12 [kJ mol−1 nm12]

Model 1 1000 3.25x10−6

Model 2 4000 3.45x10−6

SPC n/a 2.634129x10−6

from its original value of 2.634129x10−6 kJ mol−1 nm12 for the oxygen-oxygen
interaction within the bundled clusters caused the clustered molecules to be-
come second neighbors, i.e. separated from the rest of the bundled molecules
by molecules from another bundle, before the desired density was reached (data
not shown). We therefore decided to increase the C12-parameter of the Lennard-
Jones interaction between all water oxygen atoms.

In Fig. 6.2 the dependence of the density on the restraining force constant
is shown for a number of C12-parameters. According to these results, a force
constant of 500 kJ mol−1 nm−2 (or even lower) would appear to be a good choice
for a bundled water model, but closer examination revealed that under these
conditions clustered water molecules occasionally become second neighbors. We
therefore focused on the force constants of 1000 and 4000 kJ mol−1 nm−2 and
performed additional simulations varying the C12-parameters around the values
that had the density closest to that of SPC water. A plot of the observed densities
is shown in Fig. 6.3.

The two models with the best matching densities were chosen to further study
the effects of bundling and shall be referred to as models 1 and 2, respectively
(see Table I for the exact parameters used). Additional simulations at 298 K show
that the agreement between the densities of the models is also preserved at that
temperature (data not shown).

6.4 Effects of the bundling

Radial distribution The radial distribution g(r) provides valuable informa-
tion on the structure of water in the different models. Fig. 6.4 shows the radial
distribution for oxygen atoms of all water molecules in the system (top) and for
only the oxygens within one cluster of bundled water molecules (bottom) at 323 K.
In the bundled models, the distribution is shifted towards larger radii, as would be
expected from the increased Lennard-Jones C12-parameters. While the position of
the peak representing the first neighbors is only slightly shifted and still overlaps
with the peak from SPC water, the peak corresponding to the second neighbors
is shifted much further and lies at approx. 0.58 nm as opposed to 0.47 nm in SPC
water. In addition, the number of water molecules in the first hydration shell of
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Figure 6.2: Density of water as a function of the strength of the bundling potential for
different Lennard-Jones C12-parameters given in the legend in units of 10−6 kJ mol−1

nm12. The horizontal dashed line indicates the density of SPC water under the simulated
conditions. Lines between calculated points are meant to guide the eye.

3.1x10
-06

3.2x10
-06

3.3x10
-06

3.4x10
-06

3.5x10
-06

Lennard-Jones C12-Parameter [kJ mol
-1

nm
-12

]

940

950

960

970

980

D
en

si
ty

 [k
g 

m
-3

]

1000 kJ mol
-1

nm
-2

4000 kJ mol
-1

nm
2

Figure 6.3: Fine-tuning of the Lennard-Jones C12-parameters for the models with a
force constant of 1000 kJ mol−1 nm−2 (circles) and 4000 kJ mol−1 nm−2 (squares),
respectively. The horizontal dashed lines indicate the 67% confidence interval of the
density of SPC water under the simulated conditions. Lines between calculated points
serve as guides to the eye.
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Figure 6.4: Radial distribution of oxygen atoms for SPC water and the bundled models
at 323 K. The radial distribution is given for all molecules in the system (top) and for
the molecules within a single cluster (bottom).

water is increased in the bundled models compared to SPC.

Comparing the two bundled models, it is found that the first neighbors are
on average farther apart in model 2. As seen from the radial distribution for
the single clusters, both models prevent bundled molecules from becoming second
neighbors at all times, with model 2 displaying a more narrow distribution of
distances within the bundles, showing the effects of the higher force constant.

In Fig. 6.5, the radial distribution of the centers-of-mass of the fine-grained
water clusters is compared to the radial distribution of the coarse-grained beads
in the MARTINI model at 323 K. Here, the agreement is much better than for the
comparison at the level of water molecules. While the first neighbor peak starts at
lower radii in the fine-grained models due to the relative movement of the bundled
water molecules, the maxima appear at similar positions. The peaks for the second
neighbors lie at a slightly larger radius for the fine-grained bundles than for the
coarse-grained beads, which again can be rationalized as being due to the relative
movement still allowed in the bundles. It is interesting to note that similar findings
were reported for hexadecane when comparing the MARTINI model to mapped
fine-grained hexadecane [97]. One may conclude that the repulsive potential used
in the MARTINI model is too steep to faithfully reproduce the effective repulsion
between groups of atoms.

Comparing the two fine-grained models, the onset of the first neighbor peak is
at a slightly lower distance for model 1 in agreement with the wider distribution
of distances at the lower force constant of this model.

A potential problem for multiscaling simulations is the smallest distance ob-
served between the centers-of-mass for the bundled models. While not visible in
Fig. 6.5, there are sporadic occurrences of distances as low as 0.1 nm for both
models. While these would lead to large forces when directly translated to a
coarse-grained representation, it is likely that the forces from the simultaneous
coarse-grained representation in an actual multiscaling simulation would prevent
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Figure 6.5: Comparison of the radial distributions of the centers-of-mass of the bundled
water models with the radial distribution of the water beads in the coarse-grained
MARTINI model at 323 K.

them. This is, however, a general problem of multiscaling simulations and not
limited to the simulation of small molecules. As such, it will have to be addressed
on a different level than the water model.

Simulations at 298 K show almost identical radial distributions (data not
shown).

Diffusion The diffusion for the water molecules in our model will be influenced
strongly by the bundling itself. Since bundled water has to move as a tetramer
with a higher hydrodynamic radius and thus larger friction than SPC water, the
diffusion coefficients are expected to be lower according to the Stokes-Einstein
model. Reproducing the value of SPC water therefore cannot be our intention.
However, diffusion can provide information on molecular interactions and is a way
to compare the two chosen sample models.

Table II shows the observed diffusion coefficients for the different models in-
cluding the coarse-grained MARTINI model. As predicted, the diffusion coef-
ficients for the water molecules are much lower in the bundled models than in
SPC water. However, proper comparison should be made between the diffusion
of bundled water and that of four independently diffusing SPC water molecules,
which corresponds to the limit of no restraining potential. It can be shown that
the diffusion coefficient of SPC water should therefore be divided by four [101],
and thus the diffusion coefficients of the bundled water models compare quite well
to the reference values of 1.05×10−9 m2s−1 at 298 K and 1.55×10−9 m2s−1 at 323
K. The fact that the bundled molecules diffuse slightly faster than independent
molecules is likely caused by the coordinated movement enforced by the bundling.

Comparing the two bundled models, the values for the diffusion coefficients lie
within each other’s confidence intervals. Looking at the trend of the diffusion co-
efficients D with temperature our results are found to be in qualitative agreement
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Figure 6.6: Average rotational autocorrelation for the different models at 298 K.

with the Stokes-Einstein relation

D =
kBT

6πηr
. (6.8)

It anti-correlates well with the viscosity η, which is also reported for the different
models in Table II. The hydrodynamic radius r, as reflected by the similar radial
distributions, does not change much with the temperature and therefore does not
explain the observed changes in diffusion.

Rotational autocorrelation After studying the translation of water molecules
in the different models, rotational movement was examined, which gives us further
insight into the interactions between the molecules in the bundled water models.
Generally, two kinds of rotation can be distinguished for molecules in solution -
the rapid rotational vibrations between collisions and the slower tumbling, with
which the orientation of molecules changes over longer times as the net-result of
the faster rotations. We therefore chose the bi-exponential decay-function Eq. 6.3
as a model for the autocorrelation of the orientation. The parameter τ1 dominates
the behavior for short times t and represents the rapid rotations, whereas the
parameter τ2 becomes more important at longer times and can be interpreted as
the decay of orientational correlation via tumbling.

A graph of the rotational autocorrelation is given in Fig. 6.6 and Table III
shows the fitting parameters that best match the data obtained for our models
and SPC water. The values of the parameters τ1 and c are very close for the
different models. Since the tumbling movements and in correspondence τ2 are
more sensitive to the inter-molecular interactions we will focus our discussion on
this parameter. Note that our value for SPC water (τ2 = 2 ps) is slightly higher
than that found by van der Spoel et al. (1.6 ps) [102]. They used a slightly
smaller long-range cut-off value of 1.2 nm. Comparison to experiment is com-
plicated because different relaxation mechanisms may contribute to a particular
measurement. Our value is quite close to the value of 2.4 ps determined by Halle
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Table II: Diffusion coefficients D, viscosities η, and surface tensions γ of the different
water models at 298 and 323 K. For comparison experimental values at 298 K are given
for D [98], η [99], and γ [100].

298 K D [10−9 m2 s−1] η [mPa s] γ [mN m−1]

Model 1 1.26 ± 0.05 0.85 44 ± 2
Model 2 1.24 ± 0.07 0.99 40 ± 1
SPC 4.21 ± 0.19 0.50 48 ± 1
MARTINI 1.92 ± 0.03 0.75 33 ± 1
Expt. 2.3 (300 K) 0.89 71.98±0.10

323 K D [10−9 m2 s−1] η [mPa s] γ [mN m−1]

Model 1 1.80 ± 0.11 0.69 41 ± 2
Model 2 1.81 ± 0.10 0.69 39 ± 2
SPC 6.19 ± 0.29 0.34 47 ± 1
MARTINI 1.97 ± 0.04 0.69 30 ± 1
Expt. 0.55

Table III: Rotational autocorrelation - Fitting parameters for the bi-exponential decay-
function Eq. 6.3 of the different water models at 298 and 323 K.

298 K c τ1 τ2

Model 1 0.22 ± 0.02 0.11 ± 0.02 1.40±0.02
Model 2 0.20 ± 0.01 0.07 ± 0.01 1.19±0.01
SPC 0.22 ± 0.04 0.20 ± 0.04 1.97±0.03

300 K c τ1 τ2

Model 1 0.21 ± 0.01 0.07 ± 0.01 1.04±0.01
Model 2 0.22 ± 0.01 0.08 ± 0.01 0.85±0.01
SPC 0.21 ± 0.02 0.10 ± 0.02 1.34±0.02
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and Wennerström obtained from measuring quadrupolar relaxation using NMR
[103].

Rotation is faster in the bundled models indicating a lower friction with that
effect being more pronounced in model 2. Looking at the radial distribution
(Fig. 6.4, top), it is clear that the water molecules are on average farther apart in
the bundled models than in the SPC model reflecting the larger Van-der-Waals
radius due to the increased C12-parameter. Taking into account that there are
no Van-der-Waals interactions for hydrogen atoms, rotation is almost exclusively
affected by electrostatic interactions and a higher distance between the water
molecules thus entails weaker electrostatic interactions and thereby faster rota-
tions. In addition, dipole-dipole electrostatic interactions decay more rapidly
than the number of interactions increases with distance, making the position of
the first peak in the radial distribution the most significant for the assessment of
the strength of these interactions. Judging from the radial distribution one would
thus expect rotations to be faster in the bundled models with model 2 being faster
than model 1, which rationalizes our results.

Surface tension When a simulated system includes an interface separating an
aqueous region from another, the energy costs associated with maintaining that
interface become important. In our simulations we measured the surface tension
of a water-vacuum interface.

Table II shows the surface tension γ obtained for our models and SPC water.
Both bundled models have a lower surface tension than SPC water with model
2 being slightly lower than model 1. Since, like rotational friction, the surface
tension of water is mostly determined by electrostatic interactions, this finding is
consistent with our interpretation of weaker electrostatic interactions due to an
increase of the average distance of the first neighbors.

While the reduced surface tension might affect the outcome of simulations,
it is of less importance for the purpose of multiscaling simulations based on the
MARTINI model, in which the surface tension is even lower than in the bundled
models.

Hydration free energy The interaction of water with other molecules is also
an important property to reproduce. Free energies of solvation are a good indicator
for changes in these interactions in the bundled water models and directly influence
the behavior of solutes. Table IV shows the hydration free energies for ethanol
and butane as examples of organic molecules of different hydrophobicity, and for
the Na+ and Cl− ions.

The results show very good agreement between the hydration free energies
of ethanol and butane in bundled and in SPC water. Since the interactions of
the water molecules with the solute have not been changed directly, the observed
changes depend solely on the changed interactions of water with itself, showing
that the changes in structure as seen in the radial distributions do not affect
the interaction with solutes too strongly. For the charged species, the effects of
bundling on the hydration free energy are seen to be considerably larger than
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Table IV: Free energies of hydration ∆Ghyd of butane, ethanol and Na+ and Cl− ions
for the different water models at 298 K (top) and 323 K (bottom). For comparison the
values for the hydration of the corresponding coarse-grained beads in MARTINI water
and experimental values for butane and ethanol [104] are also given.

∆Ghyd [kJ mol−1]
Butane Ethanol Na+ Cl−

Model 1 +6.6 ± 1.3 -23.0 ± 1.4 -395.7 ± 1.1 -380.6 ± 1.9
Model 2 +5.7 ± 1.4 -24.4 ± 1.2 -397.3 ± 0.2 -382.8 ± 1.9
SPC +6.6 ± 1.4 -23.2 ± 1.0 -389.0 ± 1.1 -370.6 ± 1.5
MARTINI +8.7 ± 0.4 -15.5 ± 0.5
Expt. +8.7 -20.9

Model 1 +9.0 ± 1.2 -21.4 ± 1.1 -392.6 ± 1.0 -371.6 ± 1.2
Model 2 +7.2 ± 1.0 -22.1 ± 1.1 -394.2 ± 1.1 -372.7 ± 1.3
SPC +8.0 ± 1.2 -20.8 ± 0.9 -386.0 ± 1.0 -368.2 ± 1.2
MARTINI +11.0 ± 0.4 -11.0 ± 0.5

for the neutral species. The ordering effect of the ions on water is strong and the
perturbed water-water interactions are likely to affect the enthalpies and entropies
associated with ion hydration. Comparing radial distributions of the water O- and
H-atoms with respect to the ions between the models does, however, not present
a clear clue to the observed increased hydration of the ions in the bundled water
models as compared to SPC water (data not shown).

Applications To demonstrate the usefulness of the models in biomolecular sys-
tems two types of systems were investigated. The first application is that of a lipid
bilayer in water. Fig. 6.7 shows the electron density profile across a bilayer for
a DPPC bilayer in water. The total profile as well as the contributions of the
water and lipids are shown. The profile gives insight into a number of important
properties characterizing lipid bilayers and the total electron density profile can be
obtained from electron scattering data [105]. The thickness of the bilayer is usu-
ally defined as the distance between the peaks in the electron density profile. It is
seen from Fig. 6.7 that the thickness of the bilayer decreases somewhat when using
the bundled water. The decrease in thickness is accompanied by an increase in
area per lipid (SPC: 0.62±0.07 nm2, model 1: 0.67±0.05 nm2, model 2: 0.72±0.02
nm2) and therefore an increase in the average distance between lipid headgroups.
Also, the water is seen to penetrate more deeply into the lipid bilayer interface.
These effects may be rationalized in terms of the interactions between the bundles
of water which are more repulsive than in the case of SPC water. The repulsion
between bundles of water may be relieved by interposing lipid headgroups. Also,
the increased hydration of ionic species (due to the lower hydration free energies)
probably contributes to the increased hydration of the headgroups.
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Figure 6.7: The effects of bundling on the electron density profile across a DPPC
bilayer in water at 323 K. The total profiles (thickest lines) are shown, as well as the
contributions of water (intermediate lines) and lipids (thinnest lines). The profiles for
normal SPC water are shown in drawn lines, long dashed lines are used for model 1 and
dotted lines for model 2.
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Figure 6.8: The effects of bundling on the root mean square distance between the Cα
atoms of 1AKI as a function of time. The RMSD was determined with respect to the
same starting structure after obtaining a best fit to the reference structure.
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Figure 6.9: The effects of bundling on the secondary structure of 1AKI as a function
of time as calculated using the DSSP analysis. The occurrence of structure elements is
indicated by using a color code, which is shown in the figure. A: SPC water; B: model 1;
C: model 2.

The second application is that of hen egg-white lysozyme [94] in water. The
root mean square deviation (RMSD) of the Cα atoms of the protein structures
from the starting structure is shown in Fig. 6.8. The RMSD evolves similarly in
the simulations with SPC water and bundled water model 1, but dramatically
changes after 5 ns in the simulation using bundled water model 2. Visualization
of the protein structure and determination of the secondary structure reveals that
the protein behaves similarly in the simulations with SPC water and bundled
water model 1, but unfolds in the simulation with bundled water model 2. The
DSSP analysis [106] of the proteins in the different simulations is shown in Fig. 6.9.
The most likely explanation is that the tighter water bundles of model 2 open up
the structure of the protein, whereas the less restricted water molecules of model
1 solvate the protein more similarly to SPC water.
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6.5 Conclusions

We have shown that it is possible to introduce bundling to the SPC water model
by introducing restraining potentials. The resulting increase in density can be
compensated by increasing the Lennard-Jones C12-parameter.

There are many combinations of the force constant of the bundling poten-
tial and the C12-parameter that reproduce the correct density. Model 2 of our
tested models keeps the water molecules close to a tetrahedral conformation at all
times making overlaps in the coarse-grained representation very unlikely. Model
1 allows more deformations of the water clusters. While preventing clustered
molecules from becoming second neighbors at all times, deformations in the mod-
els occasionally allow the centers-of-mass of neighboring clusters to become too
close for corresponding coarse-grained beads. However, forces from the coarse-
grained representation in an actual multiscaling simulation are likely to prevent
such conformations in the fine-grained representation in the first place.

Overall, the changes introduced by the bundling most strongly affect the self-
interactions of the water molecules, resulting in an altered water structure and
as a consequence different dynamics. Interactions with other molecules, however,
stay mostly unaltered and with the density and the free energies of hydration of
small molecules the most important properties of SPC water are well preserved.
Applications to important biomolecular systems show that stronger bundling may
lead to some artifacts, exemplified by the larger penetration of water into lipid
bilayer interfaces and globular proteins, probably because of increased hydration of
ionic species. However, these applications also show that bundled water models
are viable in realistic applications and will be important assets in multiscaling
simulations.

Our study suggests that a smaller restraining force (and in consequence a
smaller required change of the C12-parameter) will preserve the properties of the
SPC better than a large force. The minimal force required to keep the molecules
bundled and still prevent overlaps in the corresponding coarse-grained represen-
tation of a multiscaling simulation would thus be the best choice for a bundled
water model.
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Chapter 7

Summary and outlook

And hast thou slain the Jabberwock?

Lewis Carroll

For the main part of the research presented in this thesis, the focus is on how
fusion between lipid membranes proceeds.

We started with the direct simulation of vesicle fusion in the absence of fusion-
inducing agents (Chapter 3). Using an older version of the MARTINI forcefield, we
observed an alternative fusion pathway, that differs from the commonly assumed
radial expansion of the initial connection between the vesicles’ outer monolayers.
In this pathway, the so-called stalk does not increase its area by simultaneously
expanding in two dimensions but rather elongates in a linear fashion following
a roughly circular path. This elongation is accompanied by the formation of a
pore adjacent to the stalk in one of the membranes of the vesicles. By finishing
the circular elongation until the two ends of the stalk merge and by expansion
of the pore until the lipids constituting the porated membrane patch enclosed by
the circular stalk are completely absorbed into the vesicle’s inner monolayer, the
hemifused state in which the vesicle interiors are separated by a single bilayer is
reached. Rupture of this hemifusion diaphragm completes the fusion process.

The main differences of this alternative fusion pathway compared to the radial
expansion is the occurrence of a stalk-pore complex as an intermediate stage,
and the possibility that fusion-inducing agents outside the vesicle do in principle
have access to the hemifusion diaphragm. Both of these have implications on the
possible mode of action of fusion-inducing agents.

After we switched to the current version of the MARTINI model, formation
of stalks and further progression towards fusion when starting from preformed
stalks did no longer occur spontaneously in the systems simulated, indicating
a strong sensitivity of the fusogenicity to the model used. Given a sufficiently
fusogenic model, however, molecular dynamics simulation of vesicle fusion is a
viable method to study the fusion process, and presents an attractive option to
observe the effects of fusion-inducing agents in the future.

An interesting continuation of our simulations would be to determine the ef-
fects of the conditions (e.g. tension, curvature, temperature, composition and

93
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presence of fusion-inducing agents) on the pathway chosen, which best would be
complemented by a systematic experimental study. In addition, experiments and
simulations searching for the presence of fusion-inducing agents originating from
outside the vesicles in the inner monolayer of fused vesicles might be a worthwhile
endeavor.

Our further studies focused on the influenza HA fusion peptide as an agent of
fusion (Chapter 4). Due to the difficulties with the simulation of fusion with
the current version of our forcefield, we chose to study the peptide’s effects in a
more abstract manner. In one approach, we investigated stalk formation forced
by dehydration of two closely apposed bilayers. These studies were complemented
by a more general setup in which the simulations were started from a random
mixture of lipids, solvent and peptides to determine the phases that spontaneously
assemble. By comparing the adopted phases to the ones adopted in the absence of
peptides, conclusions in terms of changes in preferred curvature could be drawn.

We were not able to observe a facilitation of stalk formation between two bilay-
ers at low hydration. While this effect might have been masked by the additional
volume of the peptides mimicking a higher level of hydration, an increased surface
area of isolated bilayers in the presence of the peptides indicates a more positive
spontaneous mean curvature, making a stabilization of stalks as structures with
an overall negative mean curvature relative to planar bilayers unlikely.

The phases spontaneously formed in simulations starting from mixtures of
lipids and water at random coordinates indicate a systematic shift of the phase
diagram towards more positive mean curvature in the presence of the peptides.
In particular, the lamellar phase was favored over the stalk phase, and the stalk
phase over the inverted hexagonal phase. For the latter phase boundary, the
wildtype peptides were found to have a larger effect than the non-fusogenic G1V
and W14A mutants, which appears to be connected to the ability of the wildtype
peptides to align with the positive curvature component of the stalks with their
boomerang shape. As a separate phenomenon, we observed the formation of
bicontinuous cubic phases, both for the wildtype and mutant peptides, indicating
a stabilization of negative Gaussian curvature.

A possible rationalization of these effects is that the peptides induce a positive
curvature component, both via their additional contribution to the surface and,
in the case of the wildtype peptides, via their kinked structure. This positive
curvature can manifest as an overall increased mean curvature. However, the
induction of positive curvature can also be limited to only one of the two principal
curvatures and be compensated by a drop in the other and thereby manifest as
negative Gaussian curvature. While this formation of saddle-splay curvature is
normally associated with a significant energetic penalty, the peptides’ preferred
location in regions of high Gaussian curvature might act to lower the energetic
costs by replacing the lipids in those areas. The peptides might therefore possess a
dual role in the induction of bicontinuous cubic phases, forcing a positive curvature
component on the system and lowering the energetic costs of Gaussian curvature.

Which bicontinuous phase is adopted is found to depend on the peptide present,
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with the wildtype inducing the single diamond phase and the G1V and W14A mu-
tants inducing the double diamond phase in consistence with the wildtype’s higher
ability to stabilize a positive curvature component due to its kinked shape. While
the stabilization of double bicontinuous cubic phases is normally associated with
peptides that facilitate fusion, this relation is also not strict in experimental re-
sults, suggesting an involvement of the fusion peptides in a different stage of the
fusion process. The formation of the single diamond phase in the presence of the
wildtype peptides might indicate an importance of stalk-pore complexes, which
have been observed as intermediate states of vesicle fusion in simulations.

Judging from our conclusions on their effects on curvature, the peptides are
also likely to lower the energy of pores, which poses another option for their role
in the fusion pathway. A possible extension of our studies would therefore be
to perform simulations of spontaneous aggregation using a lipid with a tendency
to form pores to assess the peptide’s effects on pore formation. In addition, it
would be interesting to quantify the peptides’ effects on curvature, for example
by measuring the work needed to impose a certain amount of Gaussian or mean
curvature on a planar membrane patch. And, thinking of our studies on vesicle
fusion, it would be worthwhile to directly demonstrate the peptides’ proposed
effect on membrane fusion by including them in our setup for vesicle fusion.

Another topic described in this thesis, inspired by the complex shapes of the phases
adopted by lipids in general and the need for a large number of morphological anal-
yses for our work in particular, is the implementation of a program to perform
quantitative morphological analyses of coordinates obtained from computer sim-
ulations (Chapter 5). This is accomplished by first creating a three-dimensional
image of the molecular aggregate composed of black and white cubic voxels, that
can then be characterized using the well-established technique of morphological
image analysis. In addition, we extended the analysis to also obtain local curva-
tures and create an image of the molecular aggregate onto which the curvatures
are mapped as a color code.

While the accuracy of some of the properties determined by this kind of anal-
ysis is limited by the necessity of translation into a rasterized image, the values
obtained were demonstrated to be sufficient for a broad range of applications,
allowing the monitoring of dynamic processes such as self assembly and stalk and
pore formation, as well as a comparative analysis of similar structures.

The program is in principle ready to use in applications. Nevertheless, it
would benefit from an optimization of computational efficiency, as well as from a
refinement of the way in which the local curvatures are visualized. In particular,
a mapping of the curvatures onto the atoms of the molecules or onto isosurfaces
representing the aggregate’s surface would greatly enhance the presentation.

Even in its current state, however, the program can be expected to greatly
facilitate any application requiring the detection of morphological characteristics,
especially when a large number of simulations has to be analyzed. In addition, in
simulations in which one is only interested in the occurrence of a key event that
is characterized by a change in morphology (e.g. self assembly, pore closure or
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membrane rupture), computer time could be saved by writing a script to monitor
the output coordinates at regular intervals and stop the simulation once the event
occurred, allowing to automatically run and screen a large number of simulations.

Apart from facilitation and automation of other tasks, morphological analysis
is also an interesting option for the description of molecular aggregates in its own
right. With the accessible system sizes steadily increasing, the description of large
scale behavior can be expected to become more and more important in the analysis
of computer simulations. In addition, since the molecular detail is still available
from the simulations, the implemented determination of the local curvatures could
be used to relate microscopic phenomena like lipid structure, (partial) demixing of
lipid mixtures, or the positioning of peptides in lipid aggregates to the macroscopic
local curvature.

Finally, in a somewhat different area of research, we showed that it is possible
to introduce bundling to the widely-used SPC water model by using restraining
potentials (Chapter 6). The rise in density resulting from the bundling could
be compensated by an increase of the non-bonded repulsion between the water
molecules.

Two models bundling groups of four water molecules (as required for their
intended use in multiscaling simulations) were presented that differ mainly in the
rigidity of the bundles. In both of these models, the bundling affects mainly
the structure and dynamics of water, but preserves the interactions with small
molecules as reflected by their free energies of hydration. However, sample ap-
plications involving biomolecular systems indicate that a too strong bundling can
lead to artifacts due to increased penetration of water molecules into the biomo-
lecules. We can therefore predict that the best model is the one which only uses
the minimum bundling strength required to keep the bundles compact enough for
multiscaling simulations, even though the final parametrization of the bundled
water models has to wait until the multiscaling algorithms have been sufficiently
developed.
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Nederlandse samenvatting

Bij het grootste gedeelte van het onderzoek, gepresenteerd in dit proefschrift, ligt
de focus op fusie tussen lipidemembranen.

We begonnen met de directe simulatie van vesikelfusie zonder de aanwezigheid
van fusie-inducerende reagentia (Hoofdstuk 3). Met een oudere versie van het
MARTINI krachtenveld zagen we een alternatief fusiepad, dat verschilt van de
radiale uitbreiding van de initiële connectie tussen de buitenste monolagen van de
fuserende vesikels, zoals algemeen wordt aangenomen. Bij dit fusiepad vergroot de
zogenaamde stalk zijn oppervlakte niet door gelijktijdig uitbreiden in twee richtin-
gen, maar verlengt hij zich lineair via een grofweg cirkelvormig pad. Dit verlengen
gaat samen met het vormen van een porie naast de stalk in een van de membra-
nen van de vesikels. Doordat de cirkelvormige verlenging van de stalk doorgaat
totdat de twee uiteinden samenkomen en door het uitbreiden van de porie totdat
de lipiden in het geporeerde en in het door de circulaire stalk ingesloten gedeelte
van het membraan geheel zijn opgenomen in de binnenste monolaag van de vesikel
wordt een hemifusietoestand bereikt, waarbij de binnensten van de vesikels slechts
gescheiden zijn door een enkele bilaag. Het scheuren van dit hemifusiediafragma
voltooit de fusie.

Het belangrijkste verschil tussen dit alternatieve fusiepad en het radiale ex-
pansiepad is de vorming van een stalk-poriecomplex als een tussenstadium en de
mogelijkheid dat fusie-inducerende reagentia buiten de vesikel in principe toe-
gang hebben tot het hemifusiediafragma. Beiden zijn van invloed op de mogelijke
wijzen waarop fusie-inducerende reagentia kunnen werken.

Nadat we waren overgestapt naar de huidige versie van het MARTINI model
vond de formatie van stalks en ook het voortzetten van fusie in voorgevormde
stalks niet meer spontaan plaats. Dit wijst er op dat de fusiebereidheid sterk
afhankelijk is van het gebruikte model. Voor een voldoende fusiebereid systeem
zijn moleculaire dynamica simulaties echter een bruikbare methode om de vesikel-
fusie te bestuderen en vormen zij een aantrekkelijke optie om in de toekomst de
effecten van fusie-inducerende reagentia te bestuderen.

Een interessante voortzetting van onze simulaties zou het bepalen van de
invloed van omstandigheden (bijvoorbeeld: spanning, kromming, temperatuur
en samenstelling van het membraan en de aanwezigheid van fusie-inducerende
reagentia) op het fusiepad zijn, bij voorkeur in combinatie met een systematische
experimentele studie. Bovendien kunnen experimenten en simulaties die zoeken
naar fusie-inducerende reagentia in de binnenste monolaag van gefuseerde vesikels,
afkomstig van buiten de vesikels, de moeite waard zijn.

Het vervolg van onze studies richtte zich op de influenza HA fusiepeptiden als
fusie-inducerende reagentia (Hoofdstuk 4). Door de problemen met het simuleren
van fusie met de huidige versie van ons krachtenveld, besloten we de effecten van
de peptiden op een meer abstracte manier te bestuderen. In een benadering onder-
zochten we stalkvorming, opgewekt door het dehydrateren van twee nabije bilagen.
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Deze studies werden gecomplementeerd met een meer algemene aanpak, waarbij
de simulaties werden gestart van een willekeurig mengsel van lipiden, oplosmiddel
en peptiden, om zo te bepalen welke fases zich spontaan vormen. Door de ge-
vormde fases te vergelijken met de fases die in afwezigheid van peptiden vormden,
konden conclusies getrokken worden over veranderingen in voorkeurskromming.

Het bleek niet mogelijk stalkvorming tussen twee bilagen, gefaciliteerd door
een lage hydratatie, waar te nemen. Een toegenomen oppervlakte van gëısoleerde
bilagen in het bijzijn van peptiden wijst op meer positieve spontane gemiddelde
kromming, hetgeen de stabilisatie van stalks (die een totale negatieve kromming
hebben) ten opzichte van vlakke bilagen onwaarschijnlijk maakt. Echter, de pep-
tiden bootsen ook het effect van hogere hydratatie na, hetgeen ook stalkvorming
tegengaat en niet te onderscheiden is van de invloed van de veranderde kromming.

De fases die spontaan vormen in simulaties gestart met een mix van lipiden
en water op willekeurige posities laten een systematische verschuiving van het
fasediagram zien, in de richting van positieve gemiddelde kromming, wanneer
peptiden aanwezig zijn. Ofwel, er trad een verschuiving op van de stalkfase naar
de laminaire fase en van de gëınverteerde hexagonale fase naar de stalkfase. Voor
de fasegrens tussen deze laatste twee werd gevonden dat de wildtype peptiden
een groter effect hebben dan de niet-fusie-inducerende G1V en W14A mutanten.
Dit lijkt te zijn verbonden met het vermogen van wildtype peptiden om met hun
boemerangvorm langs de positieve krommingscomponent van de stalk te kunnen
liggen. Als een losstaand fenomeen namen we de formatie van bicontinue kubische
fases waar, zowel met wildtype als met gemuteerde peptiden, hetgeen wijst op een
stabilisatie van negatieve Gaussische kromming.

Een mogelijke verklaring van deze effecten is dat de peptiden een positieve
krommingscomponent veroorzaken, zowel via hun extra bijdrage aan de opper-
vlakte en, in het geval van de wildtype peptiden, via hun geknikte structuur.
Deze positieve kromming kan zich manifesteren als een toegenomen gemiddelde
kromming. Echter, het veroorzaken van positieve kromming kan ook beperkt
zijn tot slechts een van de twee hoofdkrommingen en gecompenseerd worden door
een afname in de andere en hierdoor zichtbaar worden als negatieve Gaussische
kromming. Hoewel Gaussische kromming normaal samengaat met significante
energetische kosten, is het mogelijk dat de peptiden, die zich voornamelijk in
gebieden van hoge Gaussische kromming bevinden, in dit geval zorgen voor een
verlaging van de energetische kosten door het vervangen van lipiden in deze ge-
bieden. De peptiden zouden dus een dubbele rol kunnen spelen bij het induceren
van de bicontinue kubische fase: door een positieve krommingscomponent aan het
systeem te geven en door het verlagen van de energetische kosten van Gaussische
kromming.

Welke bicontinue fase wordt aangenomen blijkt af te hangen aan het aanwezige
peptide, waarbij het wildtype de enkele diamantfase veroorzaakt en de G1V en
W14A mutanten de dubbele diamantfase, hetgeen consistent is met het sterkere
vermogen van het wildtype om de positieve krommingscomponent te stabiliseren
door zijn geknikte vorm. Hoewel de stabilisatie van dubbele bicontinue kubische
fases meestal geassocieerd wordt met peptiden die fusie veroorzaken, is dit ook in
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experimentele resultaten geen strikte relatie, wat de betrokkenheid van fusiepep-
tiden in een ander stadium van het fusieproces suggereert. De formatie van de
enkele diamantfase in het bijzijn van wildtype peptiden kan wijzen op een belan-
grijke rol voor stalk-poriecomplexen, welke zijn waargenomen als overgangsfase
van vesikelfusie in simulaties.

Op basis van onze conclusies over hun effect op kromming, zullen peptiden
waarschijnlijk ook de energie van porieën verlagen, hetgeen nog een optie zou
kunnen zijn voor hun rol in het fusieproces. Een mogelijke uitbreiding van onze
studie zou het doen van simulaties van spontane aggregatie zijn, waarbij een lipide
met de neiging om porieën te vormen gebruikt wordt. Zo kunnen de effecten van
peptiden op porievorming worden onderzocht. Bovendien zou het interessant zijn
om het effect dat peptiden op kromming hebben te quantificeren, bijvoorbeeld
door te meten hoeveel arbeid nodig is om een bepaalde hoeveelheid Gaussische of
gemiddelde kromming aan te brengen op een vlakke membraan. En, denkend aan
onze studie naar vesikelfusie, zou het de moeite waard zijn om het voorgestelde
effect van peptiden op membraanfusie direct aan te tonen, door ze aan ons systeem
voor vesikelfusie toe te voegen.

Een ander onderwerp dat wordt beschreven in dit proefschrift, gëınspireerd door
de complexe vormen van de fases aangenomen door lipiden in het algemeen en
de behoefte aan een groot aantal morfologische analyses van ons werk in het bij-
zonder, is de implementatie van een programma om quantitatieve morfologische
analyses uit te voeren, op basis van coördinaten verkregen uit computersimulaties
(Hoofdstuk 5). Dit is bewerkstelligd door eerst een drie-dimensionale figuur van
het moleculaire aggregaat te creëren, bestaande uit zwarte en witte kubische vox-
els. Deze figuur kan vervolgens gekarakteriseerd worden, door gebruik van de
gevestigde techniek van morfologische figuuranalyse. Als aanvulling hierop brei-
den we de analyse uit om ook de lokale kromming te verkrijgen en een figuur van
het moleculaire aggregaat te creëren waarop de krommingen geprojecteerd worden
als een kleurcode.

De nauwkeurigheid van sommige van de eigenschappen die met een dergelijke
analyse bepaald worden, zijn beperkt door de noodzaak de vorm te vertalen naar
een gerasterde vorm. Desondanks bleken de waarden voldoende voor een breed
scala aan toepassingen en maakten ze het mogelijk dynamische processen, zoals
zelfassemblage en stalk- en porievorming te volgen en vergelijkbare structuren te
analyseren.

Het programma is in principe klaar om te gebruiken in toepassingen. Echter,
het zou goed zijn om de computationele effectiviteit te optimaliseren, net als
een verfijning van de manier waarop de lokale kromming wordt gevisualiseerd.
In het bijzonder zou een methode waarbij de kromming wordt geprojecteerd op
de atomen of een iso-surface van het aggregaat de presentatie zeer verbeteren.
Maar zelfs in zijn huidige staat kan van het programma verwacht worden dat
het het detecteren van morfologische eigenschappen zeer vergemakkelijkt, vooral
wanneer een groot aantal simulaties geanalyseerd moet worden. In simulaties
waarbij men slechts gëınteresseerd is in een gebeurtenis die gepaard gaat met een
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verandering in morfologie (bijvoorbeeld zelfassemblage, het sluiten van een porie
of het scheuren van een membraan), kan computertijd bespaard worden door een
script te schrijven dat de outputcoördinaten op reguliere intervallen volgt en de
simulatie stopt wanneer de gebeurtenis plaatsvindt. Op deze manier kunnen grote
aantallen simulaties automatisch gedraaid en geanalyseerd worden.

Los van het faciliteren en automatiseren van andere taken is morfologische
analyse een interessante optie voor het beschrijven van moleculaire aggregaten op
zich. Doordat de bereikbare systeemgrootte gestaag groeit, valt te verwachten
dat het beschrijven van het gedrag op grote schaal steeds belangrijker wordt in de
analyse van computersimulaties. Omdat het moleculaire detail nog beschikbaar
is in de simulaties, kan de gëımplementeerde bepaling van lokale kromming ge-
bruikt worden om microscopische eigenschappen, zoals de structuur van lipiden,
(gedeeltelijk) scheiden van lipide mengsels of het plaatsen van peptiden in lipide
aggregaten, te verbinden met de macroscopische lokale kromming.

Ten slotte, op een ander onderzoeksgebeid, laten we zien dat het mogelijk is om
het veel gebruikte SPC water model te bundelen door restraining-potentialen te
gebruiken (Hoofdstuk 6). De verhoogde dichtheid als resultaat hiervan kan gecom-
penseerd worden door het verhogen van de afstoting tussen de water moleculen.

Twee modellen waarin het telkens vier water moleculen gebundeld waren (zoals
nodig voor het beoogde gebruik in multiscaling simulaties) werden gepresenteerd,
die voornamelijk verschillen in de stijfheid van de bundels. In beide modellen
bëınvloedt de bundeling vooral de structuur en dynamica van water, maar behoudt
het de interacties met kleine moleculen, zoals blijkt uit de vrije energieën van
hydratatie. Echter, voorbeeldtoepassingen met biomoleculaire systemen laten zien
dat een te sterke bundeling kan leiden tot artefacten doordat watermoleculen te
diep doordringen in de biomoleculen. We kunnen dus voorspellen dat het model
dat een minimale bundelingssterkte gebruikt, juist sterk genoeg om de bundels
compact genoeg te houden voor de multiscaling simulaties, het beste zal werken,
ook al zal de uiteindelijke parametrisering van de water bundels moeten wachten
totdat de multiscaling algoritmes voldoende zijn ontwikkeld.
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The MARTINI model

The MARTINI forcefield has been parametrized by extensive calibration of the
chemical building blocks of the coarse-grained forcefield against thermodynamic
data, in particular oil/water partitioning coefficients. This is similar in spirit to
the recent development of the GROMOS forcefield [88]. Processes such as lipid
self-assembly, peptide membrane binding and protein-protein recognition depend
critically on the degree to which the constituents partition between polar and
non-polar environments. The use of a consistent strategy for the development of
compatible coarse-grained and atomic level forcefields is of additional importance
for its intended use in multiscale applications [107]. The overall aim of this coarse-
graining approach is to provide a simple model that is computationally fast and
easy to use, yet flexible enough to be applicable to a large range of biomolecular
systems.

Currently, the MARTINI forcefield provides parameters for a variety of biomo-
lecules, including many different lipids, cholesterol, carbohydrates, and all amino
acids. A protocol for simulating peptides and proteins is also available. Extensive
comparison of the performance of the MARTINI model with respect to a variety of
experimental properties has revealed that the model performs generally quite well
(semi-quantitatively) for a broad range of systems and state points. Properties
accurately reproduced include structural (e.g. liquid densities [108], area/lipid
for many different lipid types [108], accessible lipid conformations [97], or the tilt
angle of membrane spanning helices [66]), elastic (e.g. bilayer bending modulus
[108], rupture tension [46]), dynamic (e.g. lipid lateral diffusion rates [108], water
transmembrane permeation rate [108], time scales for lipid aggregation [108, 67],
cholesterol flip-flop [109], lipid rafts [110]), and thermodynamic (e.g. bilayer phase
transition temperatures [65, 111], propensity for interfacial versus transmembrane
peptide orientation [66], lipid desorption free energy [46]) data.

Basic parametrization

The mapping The MARTINI model [46] is based on a four-to-one mapping, i.e.
on average four heavy atoms are represented by a single interaction center, with an
exception for ring-like molecules. To map the geometric specificity of small ring-
like fragments or molecules (e.g. benzene, cholesterol, and several of the amino
acids) the general four-to-one mapping rule is insufficient. Ring-like molecules
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Figure A.1: Mapping between the chemical structure and the coarse-grained model for
DPPC, cholesterol, water, benzene and a peptide fragment (with five amino acids high-
lighted). The coarse-grained bead types which determine their relative hydrophilicity
are indicated, with more polar groups shown in lighter shades. The prefix “S” denotes
a special class of coarse-grained sites used to model rings.

are therefore mapped with higher resolution (up to two-to-one). The model con-
siders four main types of interaction sites: polar (P), non-polar (N), apolar (C),
and charged (Q). Within a main type, subtypes are distinguished either by a let-
ter denoting the hydrogen bonding capabilities (d=donor, a=acceptor, da=both,
0=none), or by a number indicating the degree of polarity (from 1=low polar-
ity, to 5=high polarity). The mapping of representative biomolecules is shown in
Fig. A.1.

Non-bonded interactions All particle pairs i and j at distance rij interact
via a Lennard-Jones potential:

VLJ = 4εij((σ/rij)
12 − (σ/rij)

6). (A.1)

The strength of the interaction, determined by the value of the well-depth εij de-
pends on the interacting particle types. The value of ε ranges from εij = 5.6 kJ/mol
for interactions between strongly polar groups to εij = 2.0 kJ/mol for interactions
between polar and apolar groups mimicking the hydrophobic effect. The effective
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size of the particles is governed by the Lennard-Jones parameter σ = 0.47 nm
for all normal particle types. For the special class of particles used for ring-like
molecules slightly reduced parameters are defined to model ring-ring interactions;
σ = 0.43 nm, and εij is scaled to 75% of the standard value. The full interaction
matrix can be found in [46]. In addition to the Lennard-Jones interaction, charged
groups (type Q) bearing a charge q interact via a Coulombic energy function with
a relative dielectric constant εrel = 15 for explicit screening:

Vel = qiqj/(4πε0εrelrij). (A.2)

Note that the non-bonded potential energy functions are used in their shifted form.
The non-bonded interactions are cut off at a distance rcut = 1.2 nm. The Lennard-
Jones potential is shifted from rshift = 0.9 nm to rcut. The electrostatic potential
is shifted from rshift = 0.0 nm to rcut. Shifting of the electrostatic potential in this
manner mimics the effect of a distance-dependent screening.

Bonded interactions Bonded interactions are described by the following set
of potential energy functions:

Vb = 1/2Kb(dij − db)2

Va = 1/2Ka(cos(φijk − cos(φa))2

Vd = Kd(1 + cos(φijkl − φd))

Vid = Kid(φijkl − φid)2

(A.3)

acting between bonded sites i,j,k,l with equilibrium distance db, angle φa and
dihedral angles φd and φid. The force constants K are generally weak, inducing
flexibility of the molecule at the coarse-grained level resulting from 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. Proper
dihedrals Vd are presently only used to impose secondary structure of the peptide
backbone, and the improper dihedral angle potential Vid is used to prevent out of
plane distortions of planar groups. Lennard-Jones interactions between nearest
neighbors are excluded.

Effective timescale For reasons of computational efficiency the mass of the
coarse-grained beads is set to 72 amu (corresponding to four water molecules) for
all beads except for beads in ring structures for which the mass is set to 45 amu.
Using this setup, typical systems can be simulated with an integration timestep
of 30-40 fs. Due to the loss of effective friction caused by the missing atomistic
degrees of freedom, however, the coarse-grained dynamics proceed faster than the
timestep suggests. Based on comparison of diffusion constants in the MARTINI
model and in atomistic models, the effective time sampled using the coarse-grained
interactions is 3-8 fold larger. When interpreting the simulation results with
the MARTINI model, a standard conversion factor of 4 can be used, which is
the effective speed-up factor in the diffusion dynamics of coarse-grained water
compared to real water. The same order of acceleration of the overall dynamics
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is also observed for a number of other processes, including the permeation rate
of water across a membrane [108], the sampling of the local configurational space
of a lipid [97], and the aggregation rate of lipids into bilayers [108] or vesicles
[67]. However, the speed-up factor might be quite different in other systems
or for other processes. Particularly for protein systems no extensive testing of
the actual speed-up due to the coarse-grained dynamics have been performed,
although protein translational and rotational diffusion was found to be in good
agreement with experimental data in simulations of coarse-grained rhodopsin [40].
In general, however, the time scale of the simulations has to be interpreted with
care.

Reproducing thermodynamic data: optimizing non-bonded parameters

In order to parametrize the non-bonded interactions of the MARTINI model,
a systematic comparison to experimental thermodynamic data was performed.
Specifically, the free energy of hydration, the free energy of vaporization, and the
partitioning free energies between water and a number of organic phases were
calculated for each of the 18 different coarse-grained particle types. Concerning
the free energies of hydration and vaporization, the MARTINI model reproduces
the correct trend [46]. The actual values are systematically too high, however,
implying that the coarse-grained condensed phase is not as stable with respect
to the vapor phase as it should be. The same is true with respect to the solid
phase. This is a known consequence of using a Lennard-Jones (12-6) interaction
potential, which has a limited fluid range. Switching to a different non-bonded
interaction potential could, in principle, improve the relative stability of the fluid
phase. As long as its applications are aimed at studying the condensed phase and
not at reproducing gas/fluid or solid/fluid coexistence regions, the most impor-
tant thermodynamic property is the partitioning free energy. Importantly, the
water/oil partitioning behavior of a wide variety of compounds can be accurately
reproduced with the current parametrization of the MARTINI model. Table I
shows results obtained for the partitioning between water and a range of organic
phases of increasing polarity (hexadecane, chloroform, and octanol) for a selection
of the 18 coarse-grained particle types. The free energy of partitioning between
organic and aqueous phases, ∆Goil/aq, was obtained from the equilibrium densities
ρ of coarse-grained particles in both phases:

∆Goil/aq = kT ln(ρoil/ρaq). (A.4)

The equilibrium densities can be obtained directly from a long molecular dy-
namics simulation of the two phase system in which small amounts (around 0.01
mole fraction proved sufficient to be in the limit of infinite dilution) of the target
substance are dissolved. With the MARTINI model, simulations can easily be
extended into the multi-microsecond range, enough to obtain statistically reliable
results to within 1 kJ/mol for most particle types. As can be judged from Table I,
comparison to experimental data for small molecules containing four heavy atoms
(the basic mapping of the MARTINI model) reveals a close agreement to within
2 kT for almost all compounds and phases; indeed, agreement is within 1 kT
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Table I: Oil, chloroform, and octanol/water partitioning free energies for a selection
of the 18 coarse-grained particle types (CG), compared to experimental values of the
corresponding chemical building blocks (Exp). The experimental data are compiled
from various sources (see [46]), the simulation data are obtained using Eq. A.4. All
values are expressed in kJ mol−1 and obtained at T=300 K.

Building block Type Hexadecane/water Chloroform/water Octanol/water
CG Exp CG Exp CG Exp

acetamide P5 -28 -27 -18 -20 -10 -8
water P4 -23 -25 -14 – -9 -8
propanol P1 -11 -10 -2 -2 -1 0
propylamine Nd -7 -6 0 1 3 3
methylformate Na -7 -6 0 4 3 0
methoxyethane N0 -2 1 6 – 5 3
butadiene C4 9 11 13 – 9 11
chloropropane C3 13 12 13 – 14 12
butane C1 18 18 18 – 17 16

for many of them. Expecting more accuracy of a coarse-grained model might be
unrealistic. Note that the multiple non-bonded interaction levels allow for dis-
crimination between chemically similar building blocks, such as saturated versus
unsaturated alkanes or propanol versus butanol (which would be modeled as Nda)
or ethanol (P2). A more extensive table including all particle types and many
more building blocks can be found in [46].

To select particle types for the amino acids, systematic comparison to experi-
mental partitioning free energies is also used. Table II shows the resulting assign-
ment of the amino acid sidechains and the associated partitioning free energies.
The simulation data are calculated from equilibrium densities of low concentra-
tions of coarse-grained beads dissolved in a water/butane two phase system, using
Eq. A.4. The experimental data [112] refer to partitioning of sidechain analogues
between water and cyclohexane. Both the simulation and the experimental data
are obtained at 300 K. Where available, the experimental values are reproduced
to within 2 kT , a level of accuracy that is difficult to obtain even with atomistic
models. Most amino acids are mapped onto single standard particle types in a
similar way as was done recently by other groups [113, 114]. Fig. A.1 shows the
mapping of a few of them. The apolar amino acids (Leu, Pro, Ile, Val, Cys, and
Met) are represented as C type particles, the polar uncharged amino acids (Thr,
Ser, Asn, Gln) by the class of P type particles, and the small negatively charged
sidechains (Glu, Asp) as Q type. The positively charged amino acids (Arg, Lys)
are modeled by a combination of a Q type and an N or C type particle. The
bulkier ring-based sidechains are modeled by three (His, Phe, Tyr) or four (Trp)
beads of the special class of ring particles. The Gly and Ala residues are only
represented by the backbone particle. The type of the backbone particle depends
on its secondary structure; when free in solution or in a coil or bend the back-



106 APPENDIX

Table II: Free energy based mapping of the amino acids. The experimental partitioning
free energies (Exp) are obtained for cyclohexane/water [112], the simulation results (CG)
for butane/water, using Eq. A.4. All values are expressed in kJ mol−1 and obtained at
T=300 K.

Sidechain Type
Oil/water
CG Exp

Leu C1 22 22
Ile C1 22 22
Val C2 20 17
Pro C2 20 –
Met C5 9 10
Cys C5 9 5
Ser P2 -14 -14
Thr P1 -11 -11
Asn P5 <-25 -28
Gln P4 -23 -25
Asp Qa <-25 –

Asp (uncharged) P3 -18 -19
Glu Qa <-25 –

Glu (uncharged) P1 -11 -11
Arg C5-Qd <-25 –

Arg (uncharged) C5-P4 -22 -25
Lys C3-Qd <-25 –

Lys (uncharged) C3-P1 0 2
His SC4-SP1-SP1 -19 -20
Phe SC4-SP4-SP4 19 17
Tyr SC4-SC4-SP1 -1 -2
Trp SC4-SNd-SC4-SC4 12 9

bone has a strong polar character (P type), as part of a helix or beta strand the
inter-backbone hydrogen bonds reduce the polar character significantly (N type).
Details of the parametrization of the amino acids can be found in [66].

Reproducing structural data: optimizing bonded parameters

To parametrize the bonded interactions, structural data were used that are either
directly derived from the underlying atomistic structure (such as bond lengths of
rigid structures), or obtained from comparison to fine-grained simulations. In the
latter procedure, the fine-grained simulations are first converted into a mapped
coarse-grained simulation by identifying the center-of-mass of the corresponding
atoms as the mapped coarse-grained bead. Second, the distribution functions
are calculated for the mapped simulation and compared to those obtained from
a true coarse-grained simulation. Subsequently the coarse-grained parameters
are systematically changed until satisfactory overlap of the distribution functions
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is obtained. Using this procedure, simulations of bulk alkanes have been used to
determine the optimal values of the standard equilibrium bond distance of 0.47 nm
and force constant of Kb = 1250 kJ mol−1 nm−2, and equilibrium angle of 180◦

with force constant of Ka = 25 kJ mol−1. Likewise, standard bonded parameters
have been derived for unsaturated alkanes [46], the phospholipid headgroup [108],
and for cholesterol [46].

For the bonded interactions involving amino acid sidechains and for the peptide
backbone a similar procedure was used. However, instead of deriving target dis-
tributions from fine-grained simulations, the distributions were derived directly
from the protein databank, using the same mapping protocol. The amount of
data is so large that statistically very accurate distributions can be obtained for
all the required bonded interactions. These distributions reflect all possible con-
figurations for a large number of different systems under a variety of conditions.
Keeping the aim of the MARTINI model in mind, namely to be able to simulate
many biomolecules with a single set of parameters, this is the least biased infor-
mation. Using this procedure, bonded parameters were derived for the backbone
(BB) potentials, namely the BB-BB bonded potential, the BB-BB-BB angle po-
tential, and the BB-BB-BB-BB dihedral potential. The last two terms are used
to enforce the secondary structure of the backbone, which is therefore an input
parameter in the MARTINI model. In the current version, different dihedral and
angle parameters are used to distinguish a helix, a strand, or a random coil. It
is therefore not possible to study realistic folding-unfolding events at this stage.
Furthermore, for each amino acid sidechains (SC) distributions were obtained for
the BB-SC bonded potential, the BB-BB-SC angle potential, and for the intra-SC
potentials for amino acids containing more than one coarse-grained particle. The
complete set of bonded parameters for proteins can be found in [66].

Limitations

The potential range of applications of the MARTINI model is very broad. There
are, however, certain important limitations which should be kept in mind. First
of all, the model has been parametrized for the fluid phase. Properties of solids,
such as crystal packing, are not expected to be accurate. Both the gas and the
solid phase appear somewhat too stable with respect to the fluid phase. The
thermodynamic behavior of solid/fluid and gas/fluid interfaces should therefore
be interpreted with care, at least at the quantitative level. In applications where
such interfaces are formed (especially the water/vapor interface in, e.g., rupture
of lipid monolayers) these limitations have to be kept in mind.

Furthermore, the parametrization is based on free energies. The inherent en-
tropy loss on coarse-graining is necessarily compensated for by a reduced enthalpy
term [97]. The enthalpy/entropy balance of many processes is therefore biased
when modeled at the coarse-grained level. Consequently, the temperature depen-
dence is affected, although not necessarily weaker. For instance, the temperature
dependence of the hydration free energy for linear alkanes was found to be more
pronounced in the coarse-grained representation compared to an all-atom repre-
sentation [97]. As is true for any forcefield, applications outside the temperature
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range used for parametrization (∼270-330 K) have to be considered with care.
Another difficulty encountered in the MARTINI model, and perhaps in most

coarse-graining approaches, is the correct modeling of the partitioning of polar
and charged compounds into a low dielectric medium. Because of the implicit
screening, the interaction strength of polar substances is underestimated in non-
polarizable solvents. Applications involving the formation of polar/charged com-
plexes in a non-polar environment are especially prone to be affected. The inability
to form a transmembrane water pore upon dragging a lipid across the membrane
is an example [46]. Apart from the implicit screening in the coarse-grained model,
the neglect of long-range electrostatic forces poses a further limitation. Pairwise
interactions beyond 1.2 nm (between two and three coarse-grained beads away)
are not taken into account. In principle long-range electrostatic interactions could
be added to the coarse-grained model, in similar ways as it is done in atomistic
simulations. One has to realize that a modification of the electrostatic interaction
scheme will affect other system properties.

Finally, in applications of peptides and proteins one has to be aware that sec-
ondary structure transformations are not modeled in the current parametrization.
The secondary structure is essentially fixed by the use of a dihedral potential
energy function, allowing to discriminate between various secondary structure
elements but preventing realistic transitions between them. Processes in which
folding and unfolding are playing a substantial role are therefore not suitable for
modeling with the current version of the MARTINI forcefield. Movement of sec-
ondary structure elements with respect to each other are possible, however, and
were shown to be quite realistic in a recent application of the gating of a membrane
embedded mechanosensitive channel [115].
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