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Chapter 1

Introduction

”There is no life without cells and there are no cells without
membranes”(R. Mannhold [1]).

1.1 Membranes are fundamental to life

Biological membranes are one of the most important building elements of all living
organisms and there is no life without membranes. They form the boundaries of

cells, the barrier that defines the inside and the outside of a cell. This external membrane
(called the plasma membrane) protects the cell from the loss of important molecules and
the penetration of undesired and dangerous substances from outside. The plasma mem-
brane participates also in homeostasis by controlling the concentration of electrolytes
and the osmotic pressure. In some organisms such as bacteria, fungi or plants, the
plasma membrane is associated with a cell wall that can withstand osmotic pressure
gradients. In addition to a plasma membrane, eukaryotic cells contain internal mem-
branes that form compartments for the organelles such as chloroplasts, the nuclear en-
velope, mitochondria, and peroxisomes. A view of this compartmentalization is nicely
illustrated in Figure 1.1. Internal membranes also separate incompatible biochemical
reactions, maintain intracellular transport and play a major role in energy transfer and
storage [2]. For example, mitochondria, the organelles in which ATP is synthesized,
or peroxisomes that play a major role in the oxidation of fatty acids or energy conver-
sion. Very often, these processes depend on each other, such as transport of cholesterol
inside the cell for storage or use in membrane biosynthesis. Continuous and reliable
communication between compartments (intercellular), and between cells (extracellular)
is therefore required, involving processes that occur at the surface of membranes or
are mediated by membranes. The membranes serve as a matrix for the spatial organiza-
tion of enzymes and their cofactors, holding otherwise scattered molecules in functional
contact [3].
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Figure 1.1: Interior of a eukaryotic cell with tightly packed compartments formed by mem-
branes. Adopted from the webpage http://www.mpikg.mpg.de/lipowsky

1.2 A brief history of membranes models

The history of studying membranes is long and complex due to ”the subtle structural or-
ganization hidden behind apparent chaos” [4]. It took almost three centuries of research
to reach the level of knowledge about membranes and cellular processes at which we
are now.

The obvious facts such as that every living organism is composed of one or more
cells and that inside the cell, organelles occupy separate compartments was discovered
in the middle of XVII century. It marked a new era in cell biology. The first cell theory
that evolved for the next 200 years (until 1890) started when Lord Raleigh together with
Agnes Pockels established a method for measuring the surface tension of an oil film [5].
At the same time Ernest Overton observed that non-polar solutes enter cells more easily
than polar solutes. Overton published his observations proposing a hypothesis that: a)
there are some similarities between cell membranes and fatty oil, such as olive oil, and
b) that certain molecules pass through the membrane by ’dissolving’ in the interior of
the membrane [6]. The scientific world however, was not interested in these studies, ex-
cept for Irving Langmuir who improved the apparatus originally developed by Agnes
Pockels. In 1917 Langmuir published a paper on molecular monolayers in which he
proposed that fatty acid molecules form a monolayer by orienting themselves vertically
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with the hydrocarbon chains away from the water and the carboxyl groups in contact
with the surface of the water [7]. As it turns out, this was a key piece in the puzzle
of understanding lipid bilayers and membranes. In 1925, two Dutch physicians Evert
Gorter and Frank Grendel asked two questions: does the plasma membrane contain
lipids? If so, how much? The first question was answered by successful extraction of
lipids from red blood cells. Measurements indicated that there were just enough lipids
for the boundary layer to be two molecules thick, i.e. for it to be a lipid bilayer. Further
experiments showed that the lipid bilayer is made of phospholipids that have polar (hy-
drophilic) heads and non-polar (hydrophobic) tails. These phospholipids form bilayer
sheets with the polar heads on the outside. Although generally not considered as a
’model’ of the cell membrane, Gorter and Grendel did describe a plausible structure for
the membrane. In 1935, James Danielli and Hugh Davson found that the cell membrane
is not simply a lipid bilayer but also contains protein and carbohydrate molecules. They
proposed a model, which suggests that the protein exists as globular molecules attached
to the sides of the lipid bilayer. The model is known as the Davson-Danielli model [8].
A later version of this model includes ’active patches’ and protein lined pores [9]. In
the 1960s, freeze-fracturing 1 showed that the proteins were actually deeply embedded
or penetrating the lipid bilayer. The year 1972 was a breakthrough in cell biology. Sir
Jonathan Singer and Garth Nicholson introduced a new concept of the biological mem-
brane in which the membrane is a dynamic system, not static as it was claimed before.
They showed that the positions of the proteins were not fixed on the membrane but
rather penetrate the lipid bilayer and they move about like a fluid. This new model is
called the fluid-mosaic model or Singer-Nicholson model [10]. Figure 1.2 illustrates the
comparison between the Davson-Danielli model and the fluid mosaic model.

1.3 Modern view of membranes

Although the fluid mosaic model was an influential step in the study of membranes, the
emergence of new findings during the passage of 35 years has weakened the general-
ization it contains. The concept that proteins determine the functional properties of the
membrane and that lipids form the matrix into which proteins are integrated remained
unchanged. However, the modern view of membranes considers the heterogeneous na-
ture of membranes. Cell membranes nowadays are considered to consist primarily of
large functional complexes of membrane proteins separated by lipid areas, in contrast
to the fluid-mosaic model in which the proteins float at low concentration in a sea of
lipids. Such complexes have varying concentrations of membrane proteins and lipids,
and may be hundreds of nanometers in diameter. The organization of membranes into

1method in electron microscopy used for examining lipid membranes and their incorporated proteins.
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Figure 1.2: Comparison of two models of a cell membrane: the Davson-Danielli model (a) and
the fluid mosaic model (b). Copyright Pearson Education, Inc. publishing as Benjamin Cum-
mings.

microdomains is biologically important. It offers the cell another way to affect mem-
brane function by concentrating interacting species in domains or by affecting the per-
colation of interacting molecules between domains (e.g. signaling in the cell [11]). The
level of fluidity of membranes is directly coupled to protein functioning. It is known
that the order/disorder transition within the lipid matrix can play a crucial role in the
regulation of protein function [12]. An example of a microdomain is a lipid raft [12, 13].
Presumably, lipid rafts are dynamic assemblies of proteins and lipids that float freely
within the liquid-disordered bilayer of cellular membranes but can also cluster to form
larger, ordered platforms. In vivo, rafts have proven difficult to detect. Many studies on
model membranes, however, show that certain lipids (usually cholesterol, glycolipids)
and protein form a variety of raft structures. Rafts are receiving increasing attention as
possible devices that regulate membrane function in eukaryotic cells.

In addition to domain formation, another important property of cell membranes is
their ability to change shape. This is essential in many biological processes such as fu-
sion, fission, and budding, requiring formation of non-lamellar intermediate structures.
The flexibility of the cell membrane, necessary to adapt to its ever-changing environ-
ment, requires the presence of many different species of lipid. Together with proteins,
a large variety of lipids allows for the formation of domains and non-lamellar phases
where and when needed. The next section discusses the major classes of lipids present
in most biological membranes. The phase behavior of lipids is discussed in section 1.5.
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1.4 Membranes contain a large number of lipids

The diversity of lipids and the heterogeneity of their aggregation structures limited
studying lipids for a long time due to the difficulty of isolating and separating their
components. Lipids (based on Greek lipos fat) belong to carbohydrates, one of three
major classes of biologically essential organic molecules, others being the proteins and
nucleic acids. Being a building block of biological membranes, lipids play a crucial role
in maintaining the integrity of all living things, plant and animal. In the past lipids
were defined as insoluble in aqueous solutions but easily soluble in non-polar solvents.
Nowadays a diverse range of lipids is known. Their most common feature is an am-
phiphilic character, but they can be soluble either in aqueous or non-polar solvents.

As discussed above cell membranes necessarily contain many kinds of lipids. Most

Figure 1.3: Illustration of the molecular structure (a) and sphere representation (b) of a typical
phospholipid. Below a schematic structure of a phospholipid. Taken from ref [3].

common lipids belong to three classes: phospholipids, glycolipids (lipid-sugar conju-
gates) and sterols (e.g. cholesterol). On average, a biological membrane contains about
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40–70% of phospholipids, 0–50% of cholesterol, and 0–26% glycolipids [2]. Figure 1.3
shows a phospholipid molecule. This molecule is constructed from four components:
one or two fatty acids, a glycerol or sphingosine base, a phosphate, and an alcohol
attached to the phosphate. The phosphate and alcohol together form a polar head
group. In Figure 1.3, the structure of a typical glycerophospholipid, SOPC (1-stearoyl-
2-oleoylphosphatidylcholine) is shown. The hydrophobic tails can differ in their length
(from 8 to 24, mostly from 14 to 18) or in the number of unsaturated bonds (1-4). Because
of the fatty acids synthesis cycles in the metabolism, practically all of the naturally oc-
curring saturated fatty acids in natural membranes are palmitic (C16), stearic (C18), and
miristic (C14). From the unsaturated fatty acids the oleic (C18:1), which is a stearic acid
with one double bond in the middle of the chain, is the most important. The two tails of
a phospholipid can be different. Single tail lipids (lysolipids), in which one of the two
tails is lyzed, are also present in most membranes, in low concentrations. Most natu-
ral lipids contain one or more double bonds in cis conformation (e.g. higher animals,
plants) while a trans conformation is found in bacteria. Plant oils are rich in cis double
bonds, however during the commercial process of hydrogenation to make it solid, cis
double bonds are converted to the trans form (e.g. in margarine). The level of satura-
tion is important in controlling the fluidity of the membranes by lowering the phase
transition temperature (see next section) as well as the hydration and mobility of the
bilayer. Unsaturated fatty acids are therefore important for the proper functioning of
biomembranes, which is reflected in nutrition recommendations.

The heterogeneity of lipids is also reflected in their polar heads. The most frequently
occurring alcohol moieties are the amino acid serine, ethanolamine, choline, glycerol,
and inositol. The polar headgroups can substantially alter the function of a membrane
since this is the part of the lipid that is present on the membrane surface and is often re-
sponsible for the interaction with the surrounding. The polar groups of phospholipids
are usual neutral or negatively charged. A positive charge is rare (cationic lipids are
however important in e.g. gene delivery in which they form complexes with nucleic
acids so-called lipoplexes). The electric charges of membrane lipids usually fall into a
range of +1 to -4 e. Most of the neutral lipids are zwitterionic, characterized by strong
dipole moments. The electrostatics of lipid membranes is a complex issue but strongly
affects membrane-protein interactions, domain formation as well as other membrane
functions.

Together with phospholipids, an indispensable ingredient of mammalian cell mem-
branes is cholesterol. Cholesterol is built of four linked hydrocarbon rings with a hydro-
carbon tail attached at one end and a hydroxyl group at the other end (see Figure 1.4).
In membranes cholesterol is embedded in the hydrophobic interior of the bilayer, with
the hydroxyl group residing near the phospholipid head groups. Its role in membranes
puzzled scientists for many years. Extensive research on the function of cholesterol in
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Figure 1.4: Illustration of the sphere representation (a) and molecular structure (b) of cholesterol.

biological membranes established it had a role in controlling the fluidity of the bilayers
and in the formation of special microdomains.

A less abundant class of lipid are the glycolipids. This class of lipid is characterized
by a ceramide root that consists of a sphingosine moiety linked to a fatty acid. If the ter-
minal alcohol of the sphingosine moiety is estrified to phosphorylcholine, the molecule
is called a sphingomyelin and if to carbohydrate, the molecules are glycolipids. If the
carbohydrate is a simple sugar (monosaccharide), the glycolipid is called a cerebroside.
In the case of an oligosaccharide, the glycolipid is called a ganglioside. There is rela-
tively little known about glycolipids, but studies performed suggest they play crucial
roles in cell function. The nervous system is particularly rich in glycolipids. They are
also a major lipid in the photosynthetic membranes of plant chloroplasts.

The role of lipids is not limited to only structural units. They also serve as receptors,
sensors, electrical insulators, and biological detergents. Many hormones are lipids, e.g.
steroid hormones. Nerves contain lipids and proteins organized in the way that permits
electrical impulses to be propagated without short-circuiting. Lipid and lipid-like sub-
stances also have important technological and industrial functions (e.g. petroleum). The
variety of lipids, their classification, and their mode of action in living organisms have
been the subject of many scientific investigations and are described in a great number
of reviews, and handbooks of biochemistry and of cellular biology [2, 3].
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1.5 Lipids show a rich phase behavior

A characteristic feature of the amphiphilic molecules in general, and lipids in specific,
is their ability to self-assemble (called also self-aggregation, or spontaneous aggrega-
tion) into organized and functional structures [14, 15]. In an aqueous environment the
hydrophobic parts of lipid molecules form a secluded hydrophobic interior shielded by
their polar headgroups which surface interacts favorably with water. The driving force
for lipid self-assembly is the hydrophobic effect [16]. The molecular aggregation pro-
cess itself is a complex phenomenon that has not been possible to study in atomic detail
experimentally. For the first time, the entire process was demonstrated by Marrink, et
al. [17] using molecular dynamic simulations. Starting from a random solution of phos-
pholipid in water, a perfect bilayer formed spontaneously (the process of spontaneous
aggregation will be discussed in depth in chapter 4).

The bilayer, a lamellar phase, is only one of the several different possible structures
into which lipids can self-organize. The diversity of the most common aggregation
forms is shown in Figure 1.5. The extraordinarily rich polymorphism of lipid aggre-
gates results from a subtle balance of attractive and repulsive interactions between these
molecules at the water/lipid interface [18]. This balance is strongly affected by external
conditions and of the lipid themselves.

The major external factors determining the aggregation state of lipids are the tem-

Figure 1.5: Common aggregates of amphiphiles.

perature and the amount of solvent. But other factors, such as the pressure, pH, and ion
concentration also have a significant influence. Geometrical properties that affect the
phase behavior are the size of the lipid headgroups and the length, and saturation of
lipid tails. In Figure 1.6 a schematic representation of the phase transitions induced by
temperature, hydration, and lipid type is presented.
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Figure 1.6: Dependence of phase transitions of lipid-water mixtures on hydration and temper-
ature and also on the length of the alkyl tail of a phospholipid (adapted from dissertation of
Christoph Wabel [19]). Lc corresponds to the lamellar crystalline phase; Lβ to the lamellar gel
phase; Lα to the lamellar liquid crystalline phase; HI to the hexagonal phase, and HII , to the
inverted hexagonal phase; M , to the micelle; P ′

β , to the ripple phase; and QII to the inverted
cubic phase.

At physiological conditions the most common and the biologically most relevant
lamellar phase is the liquid crystalline phase (Lα). The chaotic thermal movement of
fatty acid chains of phospholipids ensures the fluidity of the whole bilayer. The ro-
tational freedom of a single C-C bond results in the vigorous movement of the phos-
pholipid tails at ambient temperatures which is the origin of membrane fluidity. Upon
lowering the temperature, the bilayer undergoes a number of phase transitions ending
in the lamellar crystalline phase (Lc). The phase transition from the fluid to the or-
dered phase is called the main phase transition occurring at a melting temperature (Tm).
Here, the tails become almost fully ordered and pack into a hexagonal lattice, forming
a gel phase (Lβ). Some disorder is still present, distinguishing the gel phase from the
the crystalline phase. For some lipids (DMPC, DPPC) upon cooling the Lα state to a
temperature below the Tm, the formation of an intermediate gel phase, called a ripple
phase (Pβ′) is observed. Decreasing the temperature further, a tilted gel phase (Lβ′) is
formed. Drastic phase transitions (e.g. as induced by a rapid change of a temperature)
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can be abated by the presence of cholesterol in membranes. The effect of cholesterol on
membranes is dependent on its concentration. At very low concentrations of cholesterol
(less than 10%), the bilayer retains ’fluid-like’ properties. However, at higher concentra-
tions, the bilayer becomes a mixture of ’fluid-like’ and ’liquid-ordered’ phases, so-called
’fluid-ordered’ phase. Cholesterol disrupts the close packing of the phospholipid tails.
These disruptions increase the fluidity of membranes. Together with saturated lipids,
cholesterol plays a crucial role in segregation of membranes into domains.

As mentioned above the transition from a lamellar to a non-lamellar phase can be
triggered both by temperature changes (thermotropic phase transition) and by (de-
)hydration (lyotropic phase transition). Upon increased hydration the lamellar struc-
ture ruptures and long worm-like aggregates such as in the HI phase, or small micelle
aggregates, M form. On the other hand, dehydration (or temperature rise) can trigger
the formation of inverted aggregates such as the HII or QII phases.

Besides the physical parameters, the structure and spatial shape of lipids play a
crucial role in determining the aggregation state (see bottom horizontal arrows in Fig-
ure 1.6). Membrane lipids can differ substantially in the proportion of hydrophobic
and hydrophilic parts, (e.g. a double-chain lipid, compared to its single chain deriva-
tive). The number of chains and their length increase hydrophobicity whereas the na-
ture of the headgroup determines the hydrophilic properties. A useful approach to
the prediction and classification of aggregate structures is the spontaneous curvature
model [20, 21]. In this model the tendency of a monolayer to curl and the packing of the
alkyl chains, which opposes bending of the membrane, is considered. Lipids that have
large tails and small headgroups adopt an inverted cone like shape and induce nega-
tive curvature (HII). On the other hand, lipids as e.g. lysophosphatidylcholine, with
small tails and large head groups (cone) prefer shapes with positive curvature (M , HI).
One should be aware, however, that it is not only lipid-lipid interactions that can affect
the spontaneous curvature, but also lipid-ion and lipid-peptide interactions [22]. The
basic phase behavior of lipids sketched above can be modulated by a large variety of
molecules, as discussed next.

1.6 Membrane properties can be modulated by a variety
of molecules

In vivo, membranes must function over a wide range of constantly changing conditions.
To protect the membrane against damage, a large variety of small molecules are pro-
duced that bind to the membranes, stabilizing them and helping to survive harsh con-
ditions. For instance, it has been established that disaccharides, in particular trehalose,
prevents the leakage and fusion of bilayers during drying and freezing [23, 24, 25]. This
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so-called cryo-protectective effect, is believed to result from the sugar substituting some
of the hydrogen bonds normally provided by water and in that way stabilizing the frag-
ile bilayer arrangement [26, 27].

Another example of a molecule that is produced by organisms to preserve mem-
brane integrity under harsh conditions is isoprene. Higher plants produce isoprene
in large quantities during a rapid increase of temperature. Its hypothetized role is to
protect the lamellar structure of cell membranes against thermal shock. In contrast to
trehalose, isoprene diffuses into the center of the bilayer. The mechanism by which iso-
prene interacts with a phospholipid bilayer is studied in chapter 2.

Interactions between small molecules and membranes are also important in a va-
riety of processes, including drug uptake, passive transport of small molecules, forms
of general anesthesia, and the accumulation of biopollutants [28]. Good examples are
dimethylsulfoxide (DMSO) [29], and alcohols [30]. Both DMSO and alcohols have a
destabilizing effect on model membranes. Upon addition of these molecules, the lipid
bilayer becomes thinner and the area per molecule increases. At high concentrations
alcohols trigger the formation of micellar phases. DMSO, however, has also some cryo-
protective properties, similar to that of sugars [24].

The effect of additives on the properties of membranes in general, very often de-
pends on the concentration, structure as well as the way of supplying of the molecules.
For instance, if resorcinolic lipids are preincorporated into a phospholipid bilayer (e.g.
in the case of vesicles formed from a mixture of phospholipids and resorcinolic lipids),
they have an ordering effect (’cholesterol-like’). However, if they are added to a pre-
formed bilayer, resorcinolic lipids destabilize it, leading to the formation of transient
water pores or even to the complete disruption of the non-lamellar structure (’surfactant-
like’). These alternative effects are of considerable interest in pharmaceutical and food
industries. The effect of resorcinolic lipids is studied in chapter 3.

Another important class of membrane binding molecules are anti-microbial pep-
tides. Recently much interest has been directed toward the study of these special pep-
tides that can form water pores in bilayers and in this way selectively regulate the per-
meability and stability of membranes [31, 32]. The presence of such pores could facil-
itate the passive transport of polar molecules (e.g. ions, protons) across membranes,
or initiate sites for structural defects associated with phase transitions, cell fusion, and
lysis.

1.7 Experimental membrane studies

The complexity of biological membranes has necessitated the use of a wide range of
experimental methods for their investigation. To understand the basic functions of
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membranes, or mechanisms by which they undergo specific transitions, simple in vitro
models typically consisting of only one or two components are used. Liposomes serve
as a basic model of the cell membrane. Liposomes are spherical vesicles consisting
either of a single lipid bilayer or multiple lipid bilayers that enclose an internal aque-
ous volume [33]. They can be obtained easily by hydrating dry phospholipids. These
vesicles form spontaneously as a result of the tendency to minimize the energetically
unfavorable interactions of bilayer edges with water [34]. Liposomal vesicles can vary
widely in size, ranging from tens of nanometers referred to as small unilamellar vesicles
(SUVs) to the micrometer size of real cells also referred to as giant unilamellar vesicles
(GUVs). Spontaneously formed liposomes are usually multi-lamellar and inhomoge-
neous in shape. However, various techniques can be used to reduce the size of vesi-
cles and the number of bilayers (e.g. by ultrasound, so-called sonication and extrusion
through polycarbonate membranes [35]). In work described in chapter 5, the extrusion
method was used to prepare large unilamellar vesicles (LUVs) in order to study a range
of properties. An other important model that is used for studying the structural prop-
erties of membranes are monolayers.

Experimental techniques used to study model membranes can be grouped into the
following categories: microscopic (optical and electron microscopy EM), spectroscopic
(nuclear magnetic resonance NMR, infrared IR, electron spin resonance ESR, fluores-
cence, X-ray diffraction, neutron diffraction), thermodynamic (calorimetry, electrochem-
ical methods), hydrodynamic (high performance liquid chromatography HPLC, zeta-
potential, viscosity), chemical, and mechanical (pipette aspiration). Before analyzing
the properties of lipids of interest they have to be isolated from the source, and then
separated. HLPC is a very accurate technique that allows the separation of different
fractions of lipids. The size of the vesicles formed can be determined by a simple tur-
bidity method or more accurately by measurement of the zeta-potential. A macroscopic
view of the cell is provided by EM. Especially, the application of the freeze-fracture EM
technique allows the direct visualization of the architecture of the membrane and the
embedded proteins. To obtain structural properties (such as area per lipid molecule,
volume, thickness or order parameter), spectroscopic, diffraction or scattering methods
are used. Dynamic properties such as diffusion, permeability or fluidity of membranes
are measured by NMR, X-ray or fluorescence. Phase transitions can be detected and
characterized using calorimetric methods. Although experimental methods are becom-
ing even more accurate and powerful, it is still impossible to determine the structure
of a fully hydrated bilayer in atomic detail. Much of this difficulty is due to the pres-
ence of intrinsic fluctuations in the system which mean that membranes lack long-range
order [36].
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1.8 Theoretical membrane studies

An alternative and complementary approach to the use of experimental methods to
study membrane systems are computer simulations. Computer simulations of mem-
brane systems have attracted much interest because the level of detail is so much greater
than what can be obtained experimentally. Computer simulations are able to reveal in-
formation about the structure and dynamics of lipid bilayers in atomic detail and on
timescales ranging from picoseconds to hundreds of nanoseconds or longer depending
on how the system is represented. The main drawback of computer simulations is that
only small system sizes can be studied for limited timescales. Typically a cell membrane
is reduced to a nanometer sized patch of the bilayer for which continuity is reached by
the application of periodic boundary conditions.

Several computational methods are used for the simulation of biological membranes
e.g. Molecular Dynamics (MD), Monte Carlo (MC) [37, 38] and Dissipative Particle
Dynamics (DPD) [39, 40]. Monte Carlo simulations aim to explore the conformational
space of a system in order to determine the equilibrium average of some property such
as domain formation in multicomponent membranes [41]. Dynamic information, how-
ever, cannot be obtained. DPD [42] is a dynamic simulation method in which parti-
cles represent local equilibrium densities of the component rather than actual atoms or
molecules. The advantage is that it can describe large scale phenomena such as fusion
and budding events. Atomic detail, however, is lost. The most widely applied simula-
tion technique used to study many biological processes at atomistic detail is MD.

Depending on the question addressed, different levels of approximation are made to
describe the molecular system. MD simulations on the atomic level include a descrip-
tion of all atoms in the system. This approach is extremely valuable because it provides
information about the structure and dynamics of the system at the highest possible reso-
lution at least within the classical approximation in which electronic degrees of freedom
are neglected [43, 44]. Due to a large number of interactions that need to be calculated,
atomistic simulations are limited to simulations of systems of a few hundreds of cubic
nanometers in size (< 1000 nm3) and a time scale of hundreds of nanoseconds. Over
the last decade MD simulations have been used successfully to study the properties of
lipid membranes, and of the interaction of membranes with a variety of other molecules
including cholesterol [45], sugars [26, 27], drugs [46], and peptides [47, 32]. In the next
section this technique will be discussed in detail.

With coarse-grained (CG) models the number of interactions is reduced by replac-
ing group of atoms with beads. These beads are soft compared to atoms and only
short-range interactions are considered. Simulations using CG models allow the ex-
tension of the time scale up to milliseconds and enlargement of the system. CG models
are increasingly used to study macroscopic properties of membranes such as the ther-
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motropic phase behavior of lipid bilayers [48], membrane protein self-assembly [49], or
vesicle fusion, budding, and fission [50, 51, 48]. Recent developments aim at bridging
the different resolutions into so-called multi-scale simulation approaches [52].

1.9 The Molecular Dynamics Simulation method

The Molecular Dynamics (MD) simulation technique is a method to predict the time
dependent behavior of a system of interacting particles. To avoid boundary effects, so-
called periodic boundary conditions are usually used, generating a quasi-infinite sys-
tem. Starting from an initial configuration, this sytem is allowed to evolve with time t
generating a trajectory in phase space. For classical particles (i.e. quantum effects are
ignored), the positions ri of particle i with mass mi are solved by numerical integration
of the Newton’s equation of motion for every particle of the system:

Fi = mi
d2 ri

dt2
(1.1)

In equation 1.1, Fi denotes the force acting on a particle at time t which depends on the
potential V:

Fi = −δV (r1, r2 . . . rN)

δri

(1.2)

To model molecules at the atomistic level, the interaction potential consists of bonded
(covalent bonds) and non-bonded (electrostatic, van der Waals) terms. Bonded inter-
actions include bond stretching, bending and torsions which are described mostly by
harmonic potentials:

Vbond =

Nb∑
i=1

1

2
kb

i (bi − b0
i )

2 (1.3)

Vangle =

Nθ∑
i=1

1

2
kθ

i (θi − θ0
i )

2 (1.4)

Vdihedral =

Nφ∑
i=1

1

2
kφ

i cos(ni(φi − φ0
i )) (1.5)

Vimproper =

Nξ∑
i=1

1

2
kξ

i (ξi − ξ0
i )

2. (1.6)

Bond stretching (eq. 1.3) is described as a two body quadratic potential in which the
energetic minimum is at b0. The stretching force constant is kb. In order to reduce the
number of degrees of freedom, constraints on all covalent bonds can be imposed in-
stead. Equation 1.4 represents three body angle bending with equilibrium angle θ0 and
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force constant kb. Dihedrals are described by a four body trigonometric potential en-
ergy function (eq. 1.5), with multiplicity n, equilibrium angle φ0, and force constant kφ.
Improper dihedrals (eq. 1.6) are defined to keep sets of four atoms in a specific configu-
ration, (for instance planar groups planar) with an equilibrium improper dihedral angle
ξ0 and force constant kξ. Non-covalent interactions are described by pair potentials. In
principle all particles in the system (except for bonded nearest neighbours) interact with
each other through the non-covalent forces. In practice, however, cut-off schemes are
used to make the computations feasible. The non-covalent interaction potential usually
consists of two terms. Electrostatic interactions are described by Coulomb’s law:

VCoulomb =
∑
i<j

1

4πε0εr

qiqj

rij

(1.7)

Dispersion and short-range repulsion interactions are described by a Lennard–Jones
function:

VLJ =
∑
i<j

Aij

r12
ij

− Bij

r6
ij

(1.8)

In both formulas 1.7 and 1.8, rij is the distance between particles i and j, and q are the
fixed charges on those particles. Aij and Bij are the Lennard–Jones parameters that gov-
ern the effective size and interaction energy of the particles. The simulation software
package that was used in this work was GROMACS 3.0.5 [53, 54] and the force field
employed was based on that of Berger et al. [55].

1.10 What is this thesis about? - Outline

The focus of this thesis is on the interaction of phospholipid membranes with other
molecules such as isoprene or resorcinolic lipids using the molecular dynamics (MD)
simulation technique. The MD methods allow the investigation of processes that hap-
pen on the nanosecond timescale and which cannot be observed directly by experiment.
Insight into the mechanisms of those processes on the atomic level is gained.

In chapter II the molecular details of the interactions between a model lipid mem-
brane and isoprene, are investigated. Isoprene is produced by plants and is emitted
in large amounts during a rapid increase of the temperature. According to one of sev-
eral proposed hypotheses isoprene partitions between the lipid tails and prevents the
membrane from destabilizing under high temperature conditions. The MD simulations
show that isoprene being a small, irregular shaped and hydrophobic molecule diffuses
rapidly from the water solution into the hydrophobic interior of the bilayer. Conse-
quently, the isoprene increases the packing of the lipid tails counteracting the effect of a
temperature rise. The simulations underline the thermo-protective hypothesis and offer
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a molecular explanation for this effect.
In chapter III the validity of the force field used in simulations from chapter II is

investigated. The free energy of hydration and the partition coefficient logPo/w have
been calculated using the Thermodynamic Integration (TI) technique. Partitioning of
isoprene between the octanol and water phases was estimated from the difference be-
tween the free energies of hydration and solvation. The results from the simulations
are in good agreement with the experimental free energy of hydration, however, in the
simulations a higher hydration level is required to match the experimantal value for the
octanol/water partition coefficient.

Chapter IV presents another example of compounds that modulate the properties
of membranes. These compounds are resorcinolic lipids. The ’surfactant-like’ and
’cholesterol-like’ features of resorcinolic lipids make them of interest in a variety of
pharmaceutical and industrial applications. In this chapter the molecular origin of the
dual effect of resorcinolic lipids on DMPC bilayers is shown. Systems with resorcinols
preincorporated into DMPC bilayers as well as systems with resorcinols incorporating
into preformed bilayer were studied. The MD simulations of the preincorporated bilay-
ers show that resorcinolic lipids increase the packing of alkyl tails compared to a pure
DMPC bilayer. Concomitantly, they reduce the hydration level in the glycerol region
of the membrane interface. In sharp contrast, if resorcinols were introduced into the
system containing a preformed bilayer, the absorbing resorcinolic micelle cause strong
disruption of the DMPC bilayer. As a result, the bilayer becomes leaky and under cer-
tain conditions transforms into a non-lamellar phase.

In chapter V the hydration state of mixed resorcinol/DMPC bilayers was investi-
gated using the solvent relaxation (SR) technique. The micropolarity and microviscos-
ity of the surrounding of the fluorescent probe was analyzed. The fluorescent probe,
Patman, was used to monitor changes in the region of the carbonyl groups of the phos-
pholipids. Two kinds of systems were studied: vesicles obtained in the preincorpora-
tion way (e.g. resorcinols were mixed with phospholipids and fluorescent probe before
forming vesicles) and incorporated into a solution. The results are largely in agreement
with the effects seen in the MD simulations of chapter IV, underlining the dual effect of
resorcinols on lipid membranes.




