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Abstract

This thesis is based on atom-scale molecular dynamics simulations on lipid
bilayers. The study concentrates on structural and dynamic properties of
lipid bilayers, involving three lipid classes that are the main constituents
of, for example, eukaryotic plasma membranes: phosphatidylcholines (PCs),
sphingomyelins (SMs) and sterols. The discussion in the thesis starts from
the simplest bilayers that are comprised of single lipid components, and
gradually moves towards more complex systems, approaching a better de-
scription of biological membranes.

Studies on single-component bilayers concentrate on the properties of SM.
In a comparison with a structurally similar PC, it is shown that the packing
of SM in a bilayer is more compact and that the lipids are more ordered
than in a PC bilayer. Additionally, unsaturation increases the fluidity of
SM bilayer less than typically in PC bilayers. The above differences in the
bilayer properties of SM and PC are explained by detailed analysis of the
intra- and intermolecular hydrogen bonding in the SM bilayer. The results
on the effects of chain length on SM bilayers are mainly involved with the
bilayer thickness and the interdigitation of the longer chains through the
bilayer centre.

The studies on sterols involves two parts. First, the molecular interactions
of cholesterol (CHOL) with PC and SM lipids are characterised in detail. In
particular, the aim is to reveal aspects of the SM-CHOL interaction, which
has been proposed to be a key factor in the formation of lateral domains
called lipid rafts in biological membranes. Second, the properties of bilayers
with binary mixtures of PC and different sterols are discussed. It is shown
that the acyl chain order in the studied systems is correlated with the tilt of



the sterol. Also, we find that CHOL is superior among the studied sterols
in ordering the acyl chains.

The studies on lipid raft bilayers involve three component mixtures of PC,
SM, and CHOL. Large-scale simulations of two types of lipid environments
are compared: raft-like membranes, which are high in SM and CHOL con-
centration, and non-raft membranes, which comprise of mostly PC. The
results reveal that the raft-like membranes are much more rigid, ordered
and packed, but also characterised by slower dynamics of the lipids, when
compared to the non-raft environment. In the discussion, we show that the
different properties of the two membrane environments may have significant
implications on the functioning and partitioning of membrane proteins. In
particular, the observed differences in the lateral pressure profiles are sug-
gested to alter the open-state probability of an ion channel MscL.
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Overview

This thesis is about computational modelling of lipid bilayers, concentrating
on such lipid compositions that are interesting from a biological point of
view. Here, the structure of the thesis is outlined.

In Chapter 1, an introduction to biological membranes and biologically rel-
evant lipids is written on the basis of literature review. In Chapter 2, the
research method used in this study is introduced, including a discussion on
the utilised force field parameters and the main limitations involved with the
method. In addition, the main features of the utilised analysis methods are
reviewed together with aspects on how to relate the results from simulation
systems with experiments.

The most important results are summarised in Chapters 3 to 5, which are
divided in the following way. Chapter 3 is based on Paper I and Paper
II and it discusses the main results for single-component bilayers involv-
ing sphingomyelin, comparing them with phosphatidylcholines. In contrast,
Chapter 4 is based on Paper III and Paper IV, and it concentrates on the
effects of cholesterol and other sterols on the properties of lipid bilayers. In
particular, the nature of the local molecular interactions of cholesterol with
other membrane lipids are discussed. Chapter 5 is based on Paper V, and
it discusses the properties of lipid bilayers that have high concentrations of
both sphingomyelin and cholesterol and compares the large-scale properties
of these bilayers with more fluid bilayers.






CHAPTER 1

Background

1.1 Overview of Biological Membranes

The first cell probably came into being when a membrane formed, enclosing
a small volume of aqueous solution and separating it from the rest of the uni-
verse [Nelson and Cox, 2005]. It is difficult to overestimate the importance
of membranes for life, considering that they surround all cells and control ev-
erything that goes in or out of the cell. In addition to the plasma membrane,
there is a significant number of membranes within the cell, surrounding sev-
eral organelles, compartments, and the nucleus of eukaryotic cells. Most of

the intracellular processes take place within or at these membranes [Purves
et al., 2004].

Typically, membranes consist of lipids, proteins and carbohydrates. The
backbone of any membrane is formed by the lipid bilayer, which is a few
nanometres in thickness. The classical picture of a lipid bilayer is the one
of a flexible, two dimensional fluid, whose primary function is to act as a
passive diffusion barrier for various substances and to provide a platform
for membrane proteins to attach [Singer and Nicolson, 1972]. In recent
years, however, this picture has been updated, highlighting the role of the
dynamic structure in lipid bilayers and the possibility that the lipids them-
selves play an active role in regulating a number of cellular processes, for

example through affecting the activity of membrane proteins [Simons and
Ikonen, 1997].
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The mass fraction of proteins in membranes ranges from about 0.30 to 0.75,
but as proteins are much larger than lipids, they are by far outnumbered by
lipids [Nelson and Cox, ‘2005]. For example, proteins are responsible for the
active transport of substances across the membrane and about various other
processes. They attach to the lipid bilayer either by specific anchors, or by
spanning their hydrophobic parts across the bilayer. Carbohydrates, which
are attached to lipids and proteins, form the glycocalyx network on the
extracellular side of the plasma membrane, typically increasing the effective
thickness of the membrane up to 50 nm “Sackmann, ‘1995‘]. The glycocalyx
is important for communication between the cell and its environment, but
also for connecting the cell with the extracellular matrix.

Mitochondrion

Rough
ER
Plasma-

Membrane STIpUL

ER

Peroxisome

Figure 1.1: A cartoon showing the structure of an eukaryotic cell. Figure
adapted from ﬂPurves et al., ‘2004].

Figure [1.1 shows a drawing of the interior of an eukaryotic cell, including
the most important organelles. The nucleus serves as a container for most
of the genetic material. The construction of proteins takes place within
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the rough endoplasmic reticulum (ER), and further modifications are done
in the smooth ER and Golgi apparatus. For example, at the smooth ER
carbohydrates are added to the proteins. Finally, either small targeting
sequences or the carbohydrates added to the protein are used as addresses
in order to deliver the proteins to their destinations.

Lipids are mostly synthesised in the smooth endoplasmic reticulum. For
example, cholesterol and ceramide (a precursor of sphingomyelin) are syn-
thesised in the smooth ER [Simons and Ikonen, 2000]. From there, ceramide
is transferred to the Golgi by a transfer protein CERT [Hanada, 2006] and
finally, a PC headgroup is added to form sphingomyelin [Ohanian and Oha-

nian, 2001]. Once complete, the lipids are then transferred to their destina-
tions by vesicles and/or transfer proteins.

1.2 About Lipid Molecules

1.2.1 Lipid Composition of Membranes

The number of lipid species in biomembranes is astonishingly large, over
1000 in total [van Meer, 2005]. For example, in erythrocytes alone this
number is about 100 [Sackmann, 1995]. One major question in membrane
research is to explain this variety: whether it is a left-over of evolution or
whether all lipid species are really needed.

One definition for lipids (by W. W. Christie) is that they are fatty acids and
their derivatives, and substances related biosynthetically or functionally to
these compounds. Lipids can be divided into three classes on the basis of
their function: storage lipids such as fats, structural lipids of membranes,
and signalling lipids [Nelson and Cox, 2005]. Figure shows examples
of structural lipids of biological membranes, which are the subject of this
thesis.

In phospholipids, the glycerol backbone facilitates a high variability of differ-
ent headgroups and acyl chain combinations. The main headgroup classes
are the phosphatidylcholine (PC), phosphatidylethanolamine (PE), phos-
phatidylserine (PS) and phosphatidylinositol (PI), of which the two latter
are charged [Sackmann, 1995]. The acyl chains typically vary between 16
and 22 carbons in length and they contain 0 to 6 double bonds. Figure[1.2A
shows a typical phospholipid, the palmitoyl-oleoyl-PC (POPC), which con-
tains the PC-headgroup and two different, ester bonded acyl chains: palmi-
toyl and oleoyl.
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Typical sphingolipids have either the PC-headgroup (sphingomyelin, SM) or
a sugar residue (glycosphingolipids) [Nelson and Cox, 2005]. For SM, the
headgroup structure and the length of the sphingosine (SPH) chain are usu-
ally fixed, but the length and saturation of the amide-linked acyl chain can
vary. The acyl chains of SMs are typically very long (up to 24-26 carbons)
and highly saturated [Ramstedt and Slotte, 2002]. Figure [1.2B shows the
structure of a palmitoyl-SM (PSM).

The molecular structure of sterols is characterised by the rigid and hydropho-
bic ring structure, a short flexible chain, and a small but polar headgroup
[Bloom et al., 1991]. Figure[1.2C shows the structure of cholesterol (CHOL),
the most common sterol in mammalian membranes. Also, the structures
of two of its precursors in the synthetic pathway, the desmosterol and ke-
tosterol are showed, together with an artificially demethylated cholesterol
(called DCHOL). Other major classes of natural sterols are plant sterols
and sterol derivates, such as the cholesteryl esters.

The lipid content of different membranes and species varies. For exam-
ple, CHOL content is high in mammalian plasma membranes and in myelin
membranes, but it is less abundant in the ER, Golgi, and mitochondria.
On the other hand, the highest concentrations of charged lipids are in the
mitochondria (25 %) and the plasma membrane (10 %), but glycolipids may
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be found almost exclusively in the outer leaflet of the plasma membrane
[Sackmann, 1995]. It is worthwhile to note here that most membranes have
an asymmetric distribution of lipids in their two leaflets. For example, the
outer leaflet of mammalian plasma membranes consist mainly of SM, PC
and CHOL, but the inner leaflet has higher concentrations of PE and PS
lipids [Zachowski, 1993; Devaux and Morris, 2004]. The asymmetry is usu-
ally neglected in studies of model membranes either due to experimental
difficulties or in order to simplify the system and the conclusions.

One aspect that partly explains the high variety of lipid species in biomem-
branes, is that the palette of mechanisms to regulate the fluidity and other
physical properties of membranes is very important for the organism. As
shall be seen later, sterols are very effective in reducing the fluidity of fluid-
like membranes. On the contrary, lipids with polyunsaturated fatty acids
(such as the extensively studied w-3 species) are very effective in increasing
the fluidity of membranes [Wassall et al., 2004; Ollila et al., 2007]. The idea
behind the regulation is demonstrated by the tendency of the organism to al-
ter the lipid composition of its membranes when environmental parameters,
such as temperature, change. For example, the membranes of fish contain
higher relative amounts of polyunsaturated lipids during winter than in sum-
mer [Agren et al., 1987], which is an indication of a regulatory mechanism
of the fish to keep the fluidity of its membranes constant. Another example
is the tight dependence of the regulation of the synthetic pathways of SM
and sterols [Futerman and Riezman, 2005].

1.2.2 In Spotlight: Sphingomyelin

When sphingomyelin was first extracted from brain tissue, its biological role
seemed as enigmatic as the Sphinx, which resulted to its name [Thudicum,
1884]. Today, we know that in addition to the structural role of sphingolipids
in various biological membranes, the products of SM metabolism, such as
ceramide, sphingosine-1-phosphate, or diacylglycerol are signal molecules in
important cellular processes like apoptosis, ageing and development (for re-
views, see for example Huwiler et al. 2000; Cuvillier 2002; Heringdorf et al.
2002). Here, we concentrate on the structural role of SM within lipid bilay-
ers.

The molecular structure of SM resembles closely that of PC, but a few details
lead to significant differences in the properties of bilayers that consist of
either PC or SM. In particular, the higher saturation state and length of the
acyl chain of SM together with the two polar hydrogens in the hydroxyl and
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amide moieties of SM are different from PC. Additionally, the double bond
of the acyl chain of SM is usually located further away from the headgroup,
closer to the bilayer centre.

The properties of one-component SM bilayers differ from those of PC bilay-
ers. For example, the main phase transition temperature, 7},, of most natu-
ral SMs is close to the physiological temperature, which is high compared to
most natural PCs. However, the phase transition temperature of palmitoyl-
SM (PSM, T;,, = 41°C) is almost identical to the saturated dipalmitoyl-PC
(DPPC) [Koynova and Caffrey, 1995; Bar et al., 1997; Ramstedt et al., 1999].
It has been suggested that other PCs such as 14:0/16:0-PC make a more per-
fect match with the molecular stucture of PSM [Térova et al., 2004], but the
T, remains high for these lipids [Koynova and Caffrey, 1998]. The insertion
of a cis-double bond has a more significant effect on the 7}, of PC than of SM
[Koynova and Caffrey, 1995, 1998], which suggests that the intermolecular
hydrogen bonding has a role for the phase behaviour of SMs.

The distinct features in the molecular structure of SM may have substantial
effects on its interactions with other membrane components such as sterols
and proteins. For example, the difference in the nature of the SM-CHOL
interaction has been proposed to be more attractive when compared with
the interactions of CHOL with other lipids [Silvius, 2003]. This interaction
is usually related to the capacity of SM to form intra- and intermolecular
hydrogen bonds [Talbott et al., 2000; Veiga et al., 2001] or to the pronounced
attractive interaction between the ring-structure of CHOL and chains of SM
[Guo et al., 2002; Holopainen et al., 2004]. For the latter, the long and
saturated nature of the acyl chains of SM acyl chains may be crucial.

1.2.3 In Spotlight: Cholesterol

Cholesterol is one of the major constituents of eukaryotic membranes. It has
been suggested that sterols played a central role in facilitating the evolution-
ary step from prokaryotes to eukaryotes [Bloom et al., 1991]. In particular,
CHOL has been shown to increase the stability of membranes and allow
for greater variations in the lipid composition [Vist and Davis, 1990; Bloom
et al., 1991]. However, excess free CHOL is toxic, which is why the cell
pays a high price in keeping the CHOL levels under tight control. For ex-
ample, too high concentration of CHOL may cause the loss of membrane
fluidity, disruption of membrane domains or cell organelles, or induce apop-
tosis [Tabas, 2002]. The cell regulates the processes of CHOL biosynthesis,
cellular uptake, and efflux, but CHOL is also deposited into fat droplets in
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an esterified form. Any disturbance in the network of these intracellular
processes leads to a variety of diseases [Simons and Ehehalt, 2002].

The most important function of CHOL is perhaps related to its ability to
regulate the physical properties of the membranes [Ohvo-Rekila et al., 2002].
For a fluid bilayer, the addition of CHOL leads to a more ordered bilayer with
increased orientational order of the acyl chains, and increased packing den-
sity within the bilayer plane. In addition, CHOL decreases the passive per-
meability of small solutes through the membrane [Xiang, 1993; Jedlovszky
and Mezei, 2003] and suppresses the lateral diffusion of lipids [Hofséss et al.,
2003; Falck et al., 2004]. Perhaps most of these effects are explained by the
tendency of CHOL to accommodate itself into the non-polar region of the
acyl chains and to reduce the free volume within that region [Falck et al.,
2004; Kupiainen et al., 2005].

The ability of CHOL to increase the acyl chain order of physiologically rele-
vant liquid bilayers is based on the smooth and bulky hydrophobic body of
the CHOL molecule that packs well with hydrocarbon chains [Silvius, 2003].
However, the situation is more complex because of the different nature of
the two opposite faces of the CHOL ring structure. The a-face is smooth,
while the two CHj groups sticking out from the §-face make it more rough.
It has been suggested that saturated acyl chains prefer interactions with the
a-face, while unsaturated chains should pack better with the -face [Pandit
et al., 2004a; Rog and Pasenkiewicz-Gierula, 2006a]. Effectively, unsatu-
rated chains have a lower affinity for CHOL than saturated chains, which is

further pronounced in the case of polyunsaturation [Pitman et al., 2004].

It makes an interesting subject to compare the effects of CHOL with other
sterols. It seems that none of the precursors of CHOL in the synthetic
pathway are as effective in ordering acyl chains as CHOL. Comparative
studies have been carried out for example for lanosterol, desmosterol, and
7-dehydrocholesterol [Urbina et al., 1995; Smondryev and Berkovitz, 2001;
Cournia et al., 2007; Hsueh et al., 2007; Vainio et al., 2006]. Neither has an
artificial, completely de-methylated and smoother sterol been able to beat
the ordering capacity of CHOL [Rég et al., 2007], let alone any of the the
plant sterols studied so far [Schuler et al., 1991; Halling and Slotte, 2004], or
possible substitutes for CHOL, such as ceramide [Pandit et al., 2007]. On the
basis of the above, it is perhaps surprising that ergosterol, which is common
in lower eukaryotes (fungi, yeast), increases the order of saturated acyl chains
more effectively than CHOL [Urbina et al., 1995; Smondryev and Berkovitz,
2001; Czub and Baginski, 2006; Cournia et al., 2007; Hsueh et al., 2007].
The difference in sterol composition is possibly explained by the nature of
the electrochemical gradients in the different cells. Gradients of ions such
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as Na™, KT, or Cl~ are induced across the plasma membranes of the animal
and plant cells, whereas the lower eukaryotes (and cell organelles) have the
H* gradient. As the leakage mechanisms of these ions across a membrane are
different, also different sterols are needed for reducing the leakage [Haines,
2001].

1.3 Phase Behaviour of Lipids

1.3.1 Bilayer Phases

Depending on the shape of the lipids in water solution, they can self-organise
into different lyotropic phases, such as micelles, vesicles or bilayers [Is-
raelachvili, 1985]. The bilayer is the favoured structure if the lipids are
approximately cylindrical in shape, i.e. the cross sectional area taken by
the headgroup is comparable to the area taken by the acyl chains. If the
monolayer bending rigidity is low, then even non-cylindrical lipids may be
packed into bilayers, but this increases the elastic packing stress and has
influences on the lateral pressure profile within the bilayer [Bezrukov, 2000].
In this work, only properties of bilayers are discussed.

The thermotropic behaviour of bilayers is characterised by the main phase
transition temperature, 7),, at which the bilayer undergoes a phase transi-
tion from the liquid disordered (I;) phase into the gel or the solid ordered
(so) phase [Marsh, 1991; Hifeda and Rayfield, 1992] when the temperature
is lowered. The [; phase is typically characterised by low order, fast re-
orientational mobility of the acyl chains, fast lateral diffusion of the lipids,
and liquid-like arrangement of the headgroups in the plane of the membrane.
The gel phase differs from the [; phase in all of these aspects [Koynova and
Caffrey, 1998; Nagle and Tristram-Nagle, 2000]. The area per lipid is lower,
which means tighter packing and slower dynamics of the acyl chains. In the
gel phase, the acyl chains are almost fully extended and most of the bonds
are in the trans-conformation. The lipids are hexagonally ordered and the

lateral diffusion is strongly reduced when compared to the [; phase.

In addition to the main phase transition, various sub-transitions may be
observed for certain lipids. For example for PCs, the so called rippled gel
phase is an intermediate between the low temperature gel phase and the I
phase [Marsh, 1991]. In addition, the acyl chains in the gel phase may be ei-
ther tilted or non-tilted, or at lower temperatures, the packing of the chains
changes from hexagonal to orthorhombic [Koynova and Caffrey, 1998]. For
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Figure 1.3: Schematics of
lipid phases: A) solid or-
dered, B) gel C) gel with
tilted chains, D) rippled
gel, and E) liquid disordered
phase.  The bottom pan-
els display differently inter-

§§§§§§ digitated gel-phases, with:
Iﬁiﬁﬁﬁ}ﬂ F) full, G) partial, and H)

BAANAD mixed interdigitation. The
cross-sectional view of the
hydrocarbon chain arrange-

E - H ment in various packing

modes: 1) orthorhombic,

J) quasi-hexagonal, and K)
hexagonal. Adapted from
[Koynova and Caffrey, 1998].

lipids with significant chain length disparity, typically two types of interdigi-
tated gel phases will be observed. In partial interdigitation, the ends of long
chains meet the ends of short chains, whereas in mixed interdigitation, only
the ends of the short chains meet. For details see Figure

Cholesterol is a unique lipid in that at high concentrations it eliminates
the main transition between the gel and the [; phases, but promotes the
liquid ordered (I,) phase when mixed with other lipids [Ipsen et al., 1987;
Bloom et al., 1991]. The mechanism by which this is achieved is that CHOL
interacts differently with the translational and the conformational degrees
of freedom of lipid molecules [Mouritsen and Jorgensen, 1994]. For the gel
phase, CHOL destroys the hexagonal packing, resulting in a more liquid
structure. On the other hand, for lipids in the [; phase, CHOL increases the
conformational order of the acyl chains — in this way decreasing the fluidity
of the membrane. One should note that high enough CHOL concentration
(~ 20 mol-% for DPPC) is needed for the [, phase, and that with lower con-
centrations the effects of CHOL are quite different and more local in nature
[Mouritsen and Jorgensen, 1994]. At low concentrations, the thermotropic
phase of the bilayer is determined by the excess lipid in the mixture. In
particular, it has been proposed that CHOL tends to promote the forma-
tion of domains of different phases and partition on the interface of these
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domains [Mouritsen and Jorgensen, 1994]. One peculiar feature of CHOL
at high concentration is that it forms crystals that are laterally segregated
from the rest of the membrane [Mason et al., 2003]. For example in ocular
lens membranes, increasing amounts of CHOL crystals are formed between
molar fractions of 0.6 and 0.8, but not below 0.5 [Epand, 2003].

1.3.2 Phase Coexistence and Lateral Domains

When more than one lipid species is present in the bilayer, different phase
equilibria set in, depending on the mixing properties of the constituent lipids
[Mouritsen and Jorgensen, 1994]. In model membranes, various kinds of
domains have been measured, depending on the lipid composition and envi-
ronmental parameters such as temperature [Maxfield, 2002; McConnell and
Vrljic, 2003]. In principle, domains or phase separations may be observed
in virtually any mixture of more than one lipid component. The lipids of
the mixture may differ for example in their chain, headgroup or backbone
structure [Faller and Marrink, 2004; Bagatolli, 2006].

Particularly interesting is the perhaps most extensively studied ternary mix-
ture of SM, CHOL, and unsaturated PC such as POPC. The phase diagram
of this mixture, as shown in Figure (1.4, includes a variety of coexistent ther-
motropic phases with relatively low CHOL concentrations [McConnell and
Vrljic, 2003]. For example, in Figure 1.4 the physiologically relevant coexis-
tence of the [, and [; domains has been shown in the region of relatively high
POPC concentrations. Under given circumstances, it has been observed that
SM and CHOL separate laterally and form the [, phase, while the rest of

the bilayer is composed of PC in the [; phase [de Almeida et al., 2005].

In model membranes, depending on the lipid composition and temperature,
one may observe either large-scale phase separations or distributions of small
transient domains [Almeida et al., 2005]. In Figure [1.4, the dependence of
domain sizes on the lipid composition has been indicated, ranging from a few
tens of nanometres to over two hundred nanometres [de Almeida et al., 2005].
Recent evidence suggests that the smallest domains consist only of a few
molecules and that the domains may condense to form larger domains when
parameters such as the temperature are changed [McConnell and Vrljic,
2003).
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Chol

Figure 1.4 Ternary
POPC:PSM:CHOL  phase
diagram, showing the phase
boundaries and schematic
illustrations of the sizes of
lipid domains.  The [4/l,
coexistence area has been
indicated with light blue,
when the [; dominates and
with dark blue in the op-
posite case. Adapted from
ﬁde Almeida et al., ‘2005].

1.3.3 Lipid Rafts

Studies on phase separations in model membranes have lead to the idea
of lipid rafts in biological membranes [Simons and Ikonen, ‘1997; ‘London,
2005]

L

. The term raft refers to domains of the [, phase, which are relatively
ordered objects floating in a more fluid, /; environment. Actually, a recently
reviewed definition for biomembrane rafts is that they are small (10-200 nm),
heterogeneous, highly dynamic, sterol and sphingolipid-enriched domains

2000

that compartmentalise cellular processes

Our view of the role of lipids in biological membranes has changed in the
past 30 years, since the introduction of the fluid-mosaic model by Singer
and Nicolson ﬂSinger and Nicolson, ‘1972]. The fluid-mosaic model predicted
that cellular membranes are fluid, characterised by a random distribution of
molecular components in the membrane, resulting in lateral and rotational
freedom. The idea of lateral heterogeneities and domains in simple model
membranes has been suggested already for over three decades ago [Oldfield
and Chapman, M; Shimshick and McConnell, M], but their possible
biological effects, when present in the membranes of living cells, have been
understood much more recently, after introduction of the lipid raft hypoth-
esis [Simons and Tkonen, 1997; Edidin, 2003b; Pike, 2004]. Lipid rafts have
been suggested to take part in various dynamic cellular processes such as
membrane trafficking, signal transduction, and regulation of the activity of
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membrane proteins.

The existence of lipid rafts in biological membranes is far from being clear,
though, since the lipid rafts, if they do exist, are probably too small to be re-
solved by most of the currently available experimental techniques [Hancock,
2006; Jacobson et al., 2007]. Despite the progress made in the field lately,
the idea of lipid rafts has not yet been fully clarified. For example, we do
not know whether actual phase separation or merely a non-random mixing
is the best description of biomembranes [Feigenson, 2007]. Direct evidence
of rafts in vivo is mainly based on monitoring the motions of membrane pro-
teins [Varma and Mayor, 1998; Cottingham, 2004; Simons and Vaz, 2004] or
on differential partitioning of fluorescent probes in membrane environments
[Gaus et al., 2003]. It is however difficult to perform experiments using
living cells, which complicates measurements of physical quantities of the
rafts, such as the exact lipid composition, characteristic size, and lifetime
[Brown, 1998; London, 2005]. Another related question is the exact nature of
the molecular interactions that lead to lipid immiscibilities in membranes,
which are also partially unclear [Ramstedt and Slotte, 2002; Holopainen
et al., 2004].

Due to the difficulties related to experiments on biomembranes, a number
of studies have concentrated on simplified model membranes, such as giant
unilamellar vesicles with a few lipid components [Bagatolli, 2006]. Even
though these studies provide important information on the physics of lipid
membranes, it is not straightforward to relate the results from model mem-
branes to biomembranes. First, model membranes rarely involve other es-
sential components of biomembranes like proteins. One question that arises,
is to what extent membrane proteins play a role in inducing and stabilising
lipid domains [Epand, 2004; Hancock, 2006]. Second, some of the model
membrane studies are carried out in thermodynamic equilibrium, which is
never achieved in a living cell. For example, the energy from ATP is used to
maintain the asymmetric lipid composition in the two leaflets of the plasma
membrane [Zachowski, 1993], which imposes differential physical properties
on the two leaflets. Also, the lipid composition is much more complex in
the biomembranes [Edidin, 2003a]. It is not clear, for example, what kind
of heterogeneities possibly exist in the intracellular leaflet of the plasma
membrane, and to what extent the domains in the two differing leaflets of a
membrane may be coupled [Devaux and Morris, 2004; Allender and Schick,
2006]. Also, it is not known what kind of domains might exist in the mem-
branes of cell organelles, such as the ER or mitochondrial membranes [Pike,
2006).

Despite all difficulties, it is worthwhile to continue studies on lipid rafts,
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as they might have a very important role for cell biology. For example, a
complete understanding of the lipid-protein interactions might be crucially
related to many common diseases. Processes such as the immune response
[Simons and Ehehalt, 2002], endo- and exocytosis [Schuck and Simons, 2004;
Salaiin et al., 2004], or intracellular trafficking [Helms and Zurzolo, 2004]
have been suggested to be regulated by lipid rafts. Considering the impor-
tance of lipid rafts and the high number of related unknowns, together with
their estimated small sizes [Varma and Mayor, 1998; Plowman et al., 2005],
they make an excellent subject for computational studies.
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CHAPTER 2

Research Method

2.1 Classical Molecular Dynamics

2.1.1 The Idea behind MD

The idea behind classical molecular dynamics (MD) dates back at least to
the 19th century, when Laplace visioned of a ”far-reaching intelligence”,
which would be able to predict the future by knowing the positions of the
constituents of the nature [Schlick, 2002]. The first computer aided im-
plementations of the MD method were developed for statistical mechanics
purposes, in order to sample the phase space of systems such as hard spheres
[Alder and Wainwright, 1959] or simple fluids [Rahman, 1964]. Since then,
MD simulations have been used widely and successfully for different kinds
of systems, varying from complex liquids to assemblies of large proteins.

To start an MD simulation, one has to prepare the initial setup by choosing
a set of coordinates {7;} and momenta {p;} for all N particles that comprise
the system of interest. The term classical refers to the fact that quantum
effects are not taken into account explicitly, but the time evolution of the
system is entirely determined by Newton’s equations of motion:

R (C)))

dt? oz, (2.1)

my;

The term U in equation (2.1, the potential energy of the system, is a function
of the particle positions {Z;} and has a key role in determining how the
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simulated system evolves in time. If U is carefully chosen, the simulation is
an accurate representation of the physical system or process that one wishes
to study. To have a long enough simulation trajectory at hand, i.e. the
positions and momenta of the particles as a function of time, in principle
enables the calculation of any classically defined physical property of the
simulated system.

In MD-simulation, one is interested in statistical properties of a large number
of particles rather than the trajectories themselves. This means that the
simulation trajectories need to resemble realistic trajectories in statistical
sense. For studies of dynamic properties, the trajectories must be close
to the ones of real particles at least over the time scales of the process of
interest. Because the simulation trajectory is very sensitive on the initial
conditions, any two trajectories that were initially very close to each other
will diverge exponentially with time [Schlick, 2002]. In the same manner,
two trajectories that have been simulated by slightly different methods, will
diverge. Considerable evidence exists that the trajectories produced by MD
are representatives of true trajectories in phase-space [Frenkel and Smit,
2002].

Even though the idea behind classical MD is geniously simple, there are
complications. First, the choice of the potential U is far from trivial, as
discussed in the following sections. Second, equation 2.1 can be solved ana-
lytically only for the case N < 2 [Qiu-Dong, 1991]. Thus, in order to study
any practically meaningful physical system, numerical methods are needed
to solve the equations of motion. The challenge of solving the equations
on computer both as accurately and as effectively as possible has lead to
development of a variety of non-trivial algorithms. The aspects of these will
be discussed in the following sections.

2.1.2 Force Fields for Biomolecular Systems

In the core of the MD simulation method is the force field, which determines
the behaviour of the studied system. In practice, the force field constitutes
a set of functions that sum up to the potential energy of the system, U.
For example, the potential energy that describes a molecular model, can be
written as a sum of different contributions [Schlick, 2002]:
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U = Ubond + Uang + Utor + ULJ + Ucoul (22)
D 2
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In the force-field description above, the energy related to covalently bonded
atoms are described by three terms: the bond strain Uy.,g, the angle strain
Uang, and the torsional potential Uio,. These energy terms are typically
described within a single molecule, for atoms that are no further than 1,
2, or 3 covalent bonds away from each other, respectively. The parameter
values of the bonded interactions are obtained as a combination of quantum
mechanical calculations and experimental methods such as spectroscopic
techniques and X-ray crystallography [Schlick, 2002]. Sometimes, special
bonded functions are applied. For example, the improper dihedrals are used
to fix the planarity or the tedrahedral conformation of certain functional
groups. Also, certain force fields use cross-terms in order the improve the
performance [MacKerell, 2004].

The two non-covalent terms, Upy and U,y describe the interactions between
all pairs of atoms in the system. The first of these, the Lennard-Jones (LJ)
potential, Uyy, is frequently used in force fields of large molecules because
of its simplicity [Israelachvili, 1985]. The LJ-potential describes in an aver-
age way the attractive London dispersion forces (of the form %), together
with an effective implementation (r~'2) of the hard-core repulsion at short
distances. The LJ-parameters may be obtained from fitting simulation re-
sults to experimentally available properties such as density of liquid or heat
of vaporisation [Berger et al., 1997], or to results from X-ray diffraction
[Schlick, 2002]. Often the LJ-interaction is omitted for those atom pairs
that are joined by less than three covalent bonds, and sometimes special
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LJ-parameters are used for those that are joined by exactly three bonds
[van der Spoel et al., 2005].

The last term, Uy is simply the Coulomb interaction between all charged
atom pairs. Here, parts of the molecule carry fixed partial charges, generally
determined from quantum calculations. It is important to note that the
Coulomb potential decays much more slowly with distance than the LJ-
potential.

A force field is completely defined by functional forms and parameters, such
as the ones represented in equations 2.2 -[2.7. For simulations of biological
macromolecules, there is a number of widely used parametrisations avail-
able, the main ones originally developed in the 1980s [Ponder and Case,
2003]. The AMBER [Weiner et al., 1984; Cornell et al., 1995], CHARMM
[Brooks et al., 1983; MacKerell et al., 1998] and GROMOS-87 [van Gun-
steren and Berendsen, 1987 are independent descriptions and were initially
developed together with similarly named simulation packages. However, the
early origins of virtually all modern force fields may be traced back to the
work by Shneior Lifson [Lifson and Warshel, 1968; Levitt and Lifson, 1969].
The development of the OPLS (optimised potentials for liquid simulations)
[Jorgensen and Tirado-Rives, 1988] was focused at non-bonded potentials.
It was originally used together with other parameters from AMBER, but has
later been combined also e.g. with GROMOS-87 [Berger et al., 1997]. All of
the above mentioned force fields started with a united atom (UA) descrip-
tion, with nonpolar CH2/CH3 groups treated as a single particle. However,
recent versions of others but GROMOS have moved to an all-atom (AA)
description.

2.1.3 Force Field Parameters in This Work

It is useful to review the history and stages in development of various lipid
force fields in order to understand the origins and details of the currently used
lipid models, including the lipids used in this work. Here, we concentrate on
GROMOS based force-field parameters for lipids.

Early lipid simulations in the 1980s are reviewed for example in [Pastor,
1994]. The first simulations dealt with coarse models of monolayers [Kox
et al., 1980], bilayers without water [van der Ploeg and Berendsen, 1982],
and small micelles immersed in water [Jonsson et al., 1986]. The first phos-
pholipid simulation that included explicit water molecules was published by

Egberts et al. [Egberts et al., 1994]. Their model for DPPC was largely
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based on the GROMOS-87 force-field. However, their initial choice of pa-
rameters resulted in the gel-phase. To reproduce the physically more rel-
evant [y phase, the authors decided to reduce the partial charges of the
lipids by a factor of 2. They also adjusted the vdW-parameters for the
CH2/CHS3 groups and changed the dihedral potential of the acyl chains into
the Ryckaert-Belleman (RB) representation in order to more realistically
reproduce the structural behaviour of the acyl chains [Ryckaert and Belle-
mans, 1978]. The adjustments corrected the problem of the wrong physical
phase, but left many questions open due to implausible adjustments of the
nonbonded interaction parameters.

In 1997, Berger et al. published a simulation [Berger et al., 1997], in which
they systematically reparametrized the non-bonded interactions used in Eg-
berts’ work. Keeping the same bond, angle, and dihedral potentials, Berger
et al. applied the OPLS parameters for the LJ interactions, earlier used for
example in a model for DMPC in combination with AMBER bonded param-
eters [Essex et al., 1994]. They adjusted the LJ parameters for CHy/CHjy
groups systematically, by simulating bulk pentadecane and fitting the LJ pa-
rameters so that the resulted volume and heat of vaporisation matched with
experimental values. In addition to partial charges from OPLS, Berger et al.
tested another set, calculated by Chiu et al. [Chiu et al., 1995], which they
found to provide good results. The combination of parameters introduced by
Berger et al. has been widely used for various phospholipid simulations, the
term ”Berger lipids” [Tieleman et al., 2006] usually referring to the above
discussed combination of GROMOS-87 bonds, angles, and dihedrals (but
RB dihedrals for the chains), OPLS for the LJ-interactions (with Berger’s
adjustments for the chains), and partial charges from the work by Chiu et
al.

The choice of the water model is closely related to the force field parame-
ters of the lipid model. Though different water models like SPC, SPC/E,
TIP4P, and TIP5P [Zielkiewicz, 2005] have been used to model hydrated
lipid bilayers, the SPC (simple point charge) model has been recommended
to be used in combination with Berger lipids [van Buuren et al., 1993; Tiele-
man and Berendsen, 1996]. Here, one should note that special reduced
LJ-interactions between the water oxygens, Oy, and the CHy/CH3 groups
have been generally used in combination with the Berger lipids [Berger et al.,
1997]. This adjustment was originally based on a study that showed decane
to be too soluble in water [van Buuren et al., 1993]. It was later shown
that the reduced attraction between water and the acyl chains decreased
the area per lipid for a DPPC bilayer, such that it more closely agrees with
experimental values [Tieleman and Berendsen, 1996]. Further modifications
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have been conducted for the LJ-parameters between water and the polar
atoms of DPPC, which affects the hydration of the headgroup [Anézo et al.,
2003]. As a consequence, problems may arise when combining the existing
parameters for the lipid tails with different headgroups [Rég et al., 2005].

After the lengthy description above, it is finally time to describe the force
field of lipids used in this work. The phospholipids (DPPC and POPC)
are simply Berger lipids, and had already been used in other studies be-
fore [Tieleman and Berendsen, 1998; Patra et al., 2003]. For the cis-double
bonds, we have used the GROMOS-87 description, though a newer set of
parameters [Bachar et al., 2004] has been able to provide more realistic
conformations and mobility of the single bonds next to the double bond.
However, due to consistency the old description has been used with all sim-
ulations of this work. The choice was justified by a test, as shown in Paper
II, where only minor effects of the double bond parameters on the overall
properties of the bilayer were observed.

The model for SM required a few modifications to the force field of PC-
lipids due to its distinct features at the interfacial region, see molecular
structures in Figure 1.2l The parameters of the amide bond and hydroxyl
group in SM were adapted from standard GROMACS building blocks, which
in practice means GROMOS-87 parameters [van der Spoel et al., 2005].
Therefore, the bonded interactions of SM are fully compatible with Berger’s
parametrisation, but for all nonbonded interactions this might not be the
case. Actually, the possible discrepancy in LJ-parameters of SM concerns
only N and O atoms in the peptide and hydroxyl moieties, respectively.
As this involves only two atoms, and the differences in GROMOS-87 and
OPLS parameters for these atoms are maximally few tens of percents (for
€), it is probably of negligible importance. However, the magnitudes of the
partial charges are somewhat lower in the GROMOS-87 building blocks than
what are calculated by Chiu et al. [Chiu et al., 1995]. By directly applying
the GROMOS-87 charges to the two functional groups of SM (all other
charges from Chiu et al.), we underestimate the strength of the electrostatic
interactions in the interfacial region. This might affect our interpretations
on the general properties of SM bilayers and on the molecular interactions.
Fortunately, other simulation studies with different charges have yielded
results very similar to our model [Chiu et al., 2003; Hyvénen and Kovanen,
2003; Mombelli et al., 2003].

The sterol parameters come from the simulation of CHOL by Holtje et al.
in 2001 [Holtje et al., 2001]. In short, their model for CHOL consists of
standard GROMOS-87 parameters, but with increased repulsion between
water and carbons. Again, the bonded parameters are fully compatible
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with the Berger lipids, but the non-bonded are not. The LJ-parameters
in GROMOS-87 are more attractive than in OPLS. Also, the weak partial
charges at the OH-group are compatible with our SM-model, but not nec-
essarily with Berger’s PC-lipids with partial charges from Chiu et al. [Chiu
et al., 1995]. Again, these discrepancies in non-bonded parameters may re-
sult in non-balanced molecular interactions when PC, SM and sterols are
mixed. However, the combination of Berger’s PC lipids and Holtje’s CHOL
have been used in numerous studies [Falck et al., 2004; Pandit et al., 2004a;
Patra, 2005] and they have yielded results in agreement with experiments
and the simulations conducted in this work.

2.1.4 Integrating Equations of Motion

The choice of integrator, i.e. the numerical algorithm to solve the equations
of motion at discrete time intervals, has an important effect on the efficiency
and accuracy of the simulation. In this work, a version of the widely used
Verlet scheme, the so-called leapfrog integrator [Schlick, 2002] has been used,
as implemented in the GROMACS package [van der Spoel et al., 2005]:

vt + %) = Ut — %) + %At, (2.8)
rt+ At) = 7#(t)+9(t+ %)At. (2.9)

Importantly, the leapfrog algorithm is simple and computationally very effi-
cient, but it also preserves two essential properties of Hamiltonian systems.
Time-reversibility and preservation of the volume in phase space are gener-
ally considered to be good properties of integrators [Frenkel and Smit, 2002;
Schlick, 2002]. Although the leapfrog scheme provides only a fair short-term
energy conservation, the long-term energy drift is small, which is actually
more important for molecular simulations. More accurate integrators are
used for example in modelling the dynamics of planetary systems [Hockney
and Eastwood, 1988; Ito and Tanikawa, 2002], which aim to high-accuracy
trajectories. Molecular simulations aim to produce average properties of en-
sembles of atoms/molecules instead of exact trajectories, and thus the high
numerical accuracy of the integrators will be less important.



22 Research Method

2.1.5 Constraints

The harmonic potentials in interactions of equations 2.3 and 2.4/ lead to os-
cillations. The highest frequency wavenumbers are typically in the order
of 3700 cm~! for the stretching of the O-H bond, and 1000 cm~! for the
C-C bond, while the highest angle bending modes are around 1600 cm ™!,
1500 cm ™!, and 300 cm ™! for H-O-H, H-C-H and C-C-C angles, respectively
[Schlick, 2002]. The classical limit for energy, kg1 > hv, suggests that the
classical treatment for bonds and angles may be problematic for wavenum-
bers higher than 100 cm~! and corrections should be implemented to the
energy terms [van der Spoel et al., 2005].

Another possibility is to remove the vibrational degrees of freedom by con-
straining the bond lengths and angles with an algorithm such as SHAKE
[Ryckaert et al., 1977]. In practice, an algorithm called SETTLE [Miyamoto
and Kollman, 1992] is used specifically for water to constrain the bond length
and angle vibrations. For large molecules like lipids, the linear constraints
solver (LINCS) is used [Hess et al., 1997]. After constraints, the highest fre-
quency mode in the system is the H-C-H angle vibration, 1500 cm~!. Con-
sidering that a reasonable integration time step must be about one tenth
of the period of the highest mode, this limits the available timestep down
to aboutﬁ At = 2fs. Without constraints, one would need a much smaller
timestep of about At = 0.9fs. In this work, we have always used SETTLE
for water, LINCS for the lipids and a time step of 2fs.

2.1.6 Boundary Conditions and Ensemble

The available computer power sets the upper limit for the size of the sim-
ulated system. For example, a relatively large MD-simulation today might
cover about 100.000 atoms. If the atoms were packed in a cubic box, about
13 % of them? would lie at the boundaries of the box, which implies problems
when compared to an experimental system of any realistic practical size. To
reduce these effects, periodic boundary conditions (PBC) are frequently used
[Allen and Tildesley, 1990] in simulations to mimic an infinite bulk system.
For lipid bilayers, the usage of PBC means simulating an infinite stack of
alternating layers of lipid and water.

Another boundary condition needed to map the simulation to an experiment
is the chosen thermodynamic ensemble. In the simplest case, one may just

! means a vibration frequency of about 4.5 x

LA measured wawenumber k = 1500 cm™
10" Hz or a period of 22 x 107155 = 22fs.

2The number of atoms at the surface: 6x100.0002/3
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employ the PBC and solve the equations of motion. This would lead to
the NVE-ensemble, which corresponds to a thermally isolated system with
constant particle number (N), volume (V), and total energy (E). However,
much more convenient from experimental point of view is the NPT-ensemble,
which maintains a constant pressure and temperature.

The temperature is kept constant with a specific algorithm called thermostat.
A simple and efficient way is to use the so-called weak coupling scheme by
Berendsen [Berendsen et al., 1984]. A desired temperature Ty is obtained by
slightly scaling the velocities of each particle at each time step so that the
temperature will be corrected according to:

o LT (2.10)
dt T

Even though the weak coupling scheme is very effective in bringing the av-
erage temperature of the system to Tp, it has not been explicitly proven to
produce any thermodynamic ensemble correctly [van der Spoel et al., 2005].
In order to properly simulate an ensemble with constant temperature, one
should apply a theoretically more correct thermostat, like the one by Nosé
and Hoover [Nosé, 1984; Hoover, 1985]. This scheme is based on reformulat-
ing the Hamiltonian of the system such that the velocities of the particles
are coupled to an external heat reservoir through a frictional term &:

2 — -4 —

2 m Sa

(2.11)

where a parameter () is chosen such that the friction is adjusted according
to d¢/dt = (T — Ty)/Q. The Nosé-Hoover thermostat has been shown to
produce the correct NVT-ensemble although care should be taken when
adjusting the parameters in order to avoid artefactual long-term oscillations
of the kinetic temperature [Holian et al., 1995].

To achieve the NPT ensemble, we first need to define the pressure tensor P
of the system,

N
1 — — — ~

i<j

where V' is the box volume, the first sum corresponds to the total kinetic
energy of the system and the second to the virial [van der Spoel et al., 2005].
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A barostat is needed to keep the pressure constant. For example, a similar
approach to the weak temperature coupling scheme is the Berendsen barostat
[Berendsen et al., 1984], which simply scales the dimensions of the simulation
box in order to achieve the reference pressure Py. A more sophisticated
barostat is the Parrinello-Rahman scheme [Parrinello and Rahman, 1981;
Nosé and Klein, 1983], which is based on the extended ensemble and is
analogous to the Nosé-Hoover thermostat. For a rectangular box, it is the
diagonal elements of the pressure tensor P that account for the scaling.
Typically, one treats the system either isotropically (all dimensions scaled
by the same amount) or anisotropically (all directions scaled independently).

For bilayer simulations, another important ensemble is the N+T, in which
the surface tension, 7, is kept constant instead of the bulk pressure. By
definition, the surface tension can be calculated from the difference of the
normal and lateral pressures: y(t) = L.[P,, — (P + P,y)/2]. The NAT
ensemble may be realized by applying the barostat semi-isotropically, so
that the normal direction (z) and the lateral dimensions (z,y) are coupled
separately.

The wide usage of the Berendsen thermostat and barostat is generally de-
fended by the fact that the coupling affects the particle dynamics only very
weakly [van der Spoel et al., 2005] and that the results are very similar when
compared to the extended ensemble schemes [Anézo et al., 2003]. However, it
is at least theoretically problematic to analyse dynamic quantities or fluctu-
ations from a simulation, if one does not know which ensemble it represents.

All results presented in this work have been obtained by employing the NyT
ensemble with v = 0. The Berendsen/Berendsen scheme has been always
used for equilibration purposes, after which the Nosé-Hoover/Parrinello-
Rahman have been usually switched on to get the correct ensemble. It is
worthwhile to stress that if one is interested in volume or area fluctuations
in the simulated systems, it is important to use the theoretically correct
coupling scheme.

2.1.7 Treatment of Electrostatics

In practice, almost all important biological molecules are either polar or
charged [Nelson and Cox, 2005]. For example, the headgroup of a PC-lipid
(Figure [1.2) contains two full electronic charges situated relatively close to
each other. The molecular charges cause both strong specific interactions like
hydrogen bonding, and coupled effects like the regulation of the bilayer area
through dipole-dipole interactions of the headgroups [Wohlert and Edholm,
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2004]. Therefore it is worthwhile to consider with great care how to handle
the electrostatic interactions in the simulations properly.

The size of the simulation box sets the upper limit for the range of any
pairwise interaction. In the simplest case, one could use a chosen cutoff
distance r. and calculate the interaction energy of charged atom pairs within
that distance, forgetting all other pairs. Because of its simplicity, the cutoff
method has been widely used. Recently, however, it was shown for DPPC
bilayers that the simple cutoff scheme induced significant structural artefacts
exactly at the cut-off distance. The problem persisted even for relatively long
cutoff-distances (r. = 2.5nm), and also differences in important structural
properties like area per lipid were observed as a function of the r. value
[Patra et al., 2003]. Later, detailed studies have revealed that the quality
of the results with the simple cutoff scheme depends strongly on the details
of the implementation, particularly on the choice of the charge groups [Rog
et al., 2003; Wohlert and Edholm, 2004]. Due to the sensitivity of the cutoff-
method for the details of the implementation [Wohlert and Edholm, 2004],
great care should be used or alternative methods should be considered.

The Onsager reaction field technique [Onsager, 1936] has been shown to be a
good method in lipid simulations, since it is very effective and overcomes the
coarse problems of the simple cutoff scheme. The reaction field technique
involves a cutoff-distance as well, but beyond r,. the electrostatic interactions
are treated in a mean-field manner, described by the dielectric constant €.
The modified interaction reads:

iq; ar—1 (1) i €
V(r) = 24 [1+ tt ( )] 4y (2.13)

 Awegr 2+ 1 \ 1, C dmegr. 264 + 17

where the first term does the job and the second term brings the potential
to zero at r = r.. In particular for some uncharged systems, the results of
the reaction field method have been shown to be as reliable as those of PME
(see below), but the reaction field scales much more effectively in parallel
computing environments [Patra et al., 2007]. The problem of choosing the
right value for the parameter €y in a lipid/water interface is theoretically
tricky, but practically of less importance: the values of €,y = 80 (water) and
&t = 4 (nonpolar region) lead to the values of 0.49 and 0.33, respectively,
for the prefactor of (r/r.)? in equation 2.13|

Another choice is to consider the total electrostatic energy of the system
without the usage of any kind of cutoffs. Formally, the infinite summation
over all charges and periodic boxes is conditionally convergent for a neutral
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system and it can be calculated either with the classical Ewald summa-
tion method [Ewald, 1921] or with the Particle Mesh Ewald (PME) method
[Darden et al., 1993; Essmann et al., 1995]. The efficiency of the algorithms
scales with particle number N as O(N?%/2) for Ewald and O(N log N) for the
PME. The Ewald method is suggested to enhance the artificial periodicity
of very small systems, but the effect is actually a consequence of the PBC.
Additionally, the effect is probably negligible for systems that are solvated
in water and larger than a few nanometres in size [Smith and Petitt, 1996;
Weber et al., 2000]. For simulations today, PME is considered to provide
the most reliable results [Patra et al., 2003; Rdg et al., 2003; Cordomi et al.,
2007], the major downside being the relatively poor scaling on certain par-
allel computing environments [Patra et al., 2007].

In this work, PME has been used in most of the simulations. The only
exception are the large-scale simulations in Paper V, which were simulated
with the reaction field technique in order to increase the computational
efficiency.

2.1.8 Limitations and Considerations

The main limitations of the standard MD-simulation method are the lim-
ited computational power, the complexity of the force field, and the poor
treatment of quantum effects such as polarisability [Tieleman et al., 1997].
Additionally, numerous questions arise from the implementation and correct
choice of the algorithms. Since MD-simulations are routinely used in stud-
ies of molecular systems, care should be taken to acknowledge the possible
limitations of the method before reporting results. Here, the most worrying
aspects related to lipid simulations are reviewed.

The maximum available timestep sets a practical limit for the length- and
timescales of a simulation. Processes whose characteristic times are exceeded
by the simulation length may be studied with adequate statistics. Such pro-
cesses are typically chain rotations (10 ps to 1 ns), headgroup rotations (few
ns), lipid protrusions (ns), or lipid rotations (tens of ns). Also lateral diffu-
sion and conformational organisation of lipids may be studied, but typically
at a maximum length scales of nanometres. For example, the undulation
modes smaller than system size are covered [Lindahl and Edholm, 2000a].
However, many highly relevant and interesting aspects, like the complete
mixing in a multicomponent bilayer or the flip-flop across the bilayer centre
are completely beyond the range.

If we assume that the popular Moore’s Law [Moore, 1965] holds for a few
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more years, one can extrapolate to the future. The same computer power as
in year 2000 allowed a 10 ns simulation of 1024 lipids ﬂLindahl and Edholm,
2000a], would in year 2021 allow about 160 ps simulation of the same bilayer
or about 1.6 us of 100.000 lipids. This is of course much better than what
can be done today, but one is still restricted at the left end of the biological
length-scale, as introduced in Figure 2.1. For example, simulating a whole
cell organelle in full atomic detail will be a distant dream for decades. There-
fore, to widen the spectrum of applicable problems, one should not only wait
for the increase in computer power but try to tackle available problems by
asking clever questions and to continue the development of more efficient
algorithms and faster simulation methods. This is fortunately being done
continuously, various coarse grained (CG) models have for example recently
been introduced for biomolecular systems [Ayton and Voth, 2002; Marrink
et al. ‘2004 ‘Murtola et al. ‘2004 ‘Gao et al. ‘QOOﬂ Also, algorithms such as
mult1ple time-step integrators are being developed ﬂFeenstra et al. ‘1999‘
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Figure 2.1: Various length scales of biological systems. Adapted from
“Purves et al. ‘2004]

Closely related is the question of how to determine the system size in simu-
lation. For some situations a small system is ideal, as one can reach longer
timescales and consequently better statistics. But on the other hand, re-
ducing the size of the simulation box might also lead to serious finite size
artefacts. In particular, small systems have been reported to produce too
acked and ordered bilayers ﬂLmdahl and Edholm, ‘QOOOaJ de Vries et al.,
m] and slower lateral diffusion HKlauda et al., 2006‘ The effects due to
artificial enhancement of periodicity in small systems will be suppressed and
the calculated properties have been shown to converge for systems larger
than 36 lipids per leaflet “de Vries et al‘ ‘2005 For significantly larger sys-
tems, new phenomena such as undulations start to emerge and affect mea-
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sured properties, which is a completely separate issue [Lindahl and Edholm,
2000a].

The system size is greatly affected by adequate hydration. If the simulation
is to be compared with experiment in excess water, enough water molecules
should be taken into the simulation as well. Having too little water be-
tween the periodic images of the bilayer also reduces the area per lipid and
slows down diffusion [Mashl et al., 2001; Anézo et al., 2003; Hogberg and
Lyubartsev, 2006], but it also has dramatic effects on the conformations and
the dynamic behaviour of the lipid headgroups [Hégberg and Lyubartsev,
2006]. Though the PC-headgroup accommodates about 12 water molecules
in its hydration shell [Mashl et al., 2001], the limit of full hydration of a
bilayer is usually considered to be much higher, about 20-30. A factor that
should further increase the minimum amount of water, is the inclusion of
ions into the solution. As biological solutions are always ionic and as the
presence of salt has been shown to alter the properties of neutral PC-lipids
[Bockmann et al., 2003], it is relevant to ask whether ions should be in-
cluded in all simulations. Where most of the MD-simulations of proteins are
surrounded by a physiological salt solution [Ibragimova and Wade, 1998],
almost all lipid studies are carried out in pure water.

Simulations of single component bilayers in the [; phase are the simplest and
allow for most reliable statistics, which is why most lipid simulations have
concentrated on single component bilayers. Although studies reporting prop-
erties of the gel-phase [Tu et al., 1996; Sun, 2002; Curdova et al., 2007], and
the [, phase [Hofséss et al., 2003; Falck et al., 2004] exist, the slow dynamics
usually renders the interpretation difficult. Also, studies of temperature ef-
fects have been extremely rare, but recently increasing computing power has
allowed studies that aim to reproduce the phase transitions between gel and
fluid phases [Marrink et al., 2005; Leekumjorn and Sum, 2007]. In addition,
the phase behaviour of lipids in non-bilayer phases have been studied [Mar-
rink and Mark, 2004; Knecht et al., 2006]. Here, care should be taken when
choosing the proper algorithmic set. For example, different methods of baro-
stat coupling (anisotropic/isotropic) have been shown to drive the system
towards different phases (bilayer/micelle) [Patel and Balaji, 2005]. Another
highly interesting direction of new simulation studies is towards more realis-
tic systems, such as asymmetric bilayers [Cascales et al., 2006; Gurtovenko
and Vattulainen, 2007]. Though theoretical and applicational problems are
still related to simulating these systems, it is highly encouraging to see how
quickly the history of simulations has been proceeding.

The second major limitation is related to the force fields. The large number
of parameters to describe a force-field and the number of various parameter
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sets available makes the choice very complex. Different parametrisations
have been developed gradually during tens of years and always in combi-
nation with certain algorithms or boundary conditions. Although the pa-
rameters and functional forms are usually openly available, some historical
aspects or critical factors are not obvious or are not explicitly stated. For ex-
ample, the widely used Berger-parameters for lipids [Berger et al., 1997] are
partly based on the GROMOS-87 force field, whose origins and derivation
"have never been documented completely” according to the developers [van
Gunsteren et al., 1998]. Another topical issue is related to the lipid-protein
interactions. As the force field parameters for proteins and lipids have been
mostly developed separately in the past, a proper combination of these two
in the same simulation is far from trivial [Tieleman et al., 2006].

The quality of the force field is usually justified by comparing properties
such as area per lipid between simulation and experiment. However, as
pointed out by Anézo et al. [Anézo et al., 2003], the right combination of
force field and methodology can always reproduce the desired area, which
alone is therefore not necessarily a good measure for the quality of the force
field or the method. Also, as most of the measurable properties in a simple,
one-component bilayer are a function of the area per lipid, it is easy to
understand that simulations with various force fields and methods lead to
similar results. It is useful to keep in mind that even if the results themselves
are probably in order, they may be so for the wrong reasons, because the
balance of forces within the bilayer may be wrong. However, as the methods
to calculate and (indirectly) measure the pressure profiles across the bilayer
are developing [Lindahl and Edholm, 2000b; Sonne et al., 2005; Ollila, 2006],
future will bring more detailed tools for validation of the simulation results
against experimental data.

The very nature of classical MD is to forget quantum effects, or at best,
implement them in an average way. The latter is the case for example for
static partial charges used in biomolecular force fields. Also, chemical reac-
tions or effects of pH cannot be modelled explicitly, but separate molecular
topologies need to be created for each environmental condition. Even though
structural properties of e.g. hydrogen bonding liquids have been adequately
reproduced by classical models, better implementation of quantum effects
such as atomic polarisability may be crucial for accounting for many other
effects. It is interesting to see that development toward these ideas is on
the way, for example algorithms for polarisable force fields or for combined
quantum/classical simulations have already been included in the GROMACS
package, though their extensive testing or available parametrisations are still
lacking.
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2.2 Simulation vs. Experiment

2.2.1 Structure from Diffraction

X-ray and neutron diffraction experiments are widely used to measure the
structure of lipid bilayers [Nagle and Tristram-Nagle, 2000]. Typically, ex-
periments are carried out for stacks of hydrated bilayers with a repeat dis-
tance D, and the low-angle diffraction is measured. From the result, the
form factor F'(¢) of one bilayer may be constructed. For symmetric bilayers,
the form factor is further defined by [Klauda et al., 2006]:

D/2
Flg) = / [p(2) — pu] cos(qz) dz, (2.14)

—D/2

where p(z) is either the electron density profile (X-rays) or the mass density
profile (neutrons) across the bilayer and p,, is the corresponding density of
water. The z-axis here is normal to the bilayer.

The distance of the main peaks in the density profile (due to headgroups)
may be used to estimate the thickness of the bilayer, and, assuming a value
for the volume per lipid, to estimate the average area per lipid [Nagle and
Tristram-Nagle, 2000; Tristram-Nagle and Nagle, 2004]. From simulation,
the density profiles can be calculated directly and compared with the ex-
perimental ones. Also, values for the area per lipid are computed from the
dimensions of the simulation box and compared with the values from diffrac-
tion studies. Usually the aim here is to validate the parameters of the model,
but as the measurement of the area per lipid involves assumptions, and the
measured values for the area per lipid vary [Nagle and Tristram-Nagle, 2000],
it would perhaps be more accurate to compare the bilayer structure factors
directly in the reciprocal space [Benz et al., 2005; Kucerka et al., 2006].

In principle, the in-plane structure of lipid membranes may also be gauged
by diffraction, such as inelastic neutron scattering experiment [Rheinstadter
et al., 2006]. However, the resolution of the technique does not allow for
studying e.g. lateral domains in a single membrane, but stacks need to be
used here as well. Little more than the nearest-neighbour distance of the

lipid acyl chains has been measured so far.

2.2.2 Order and Dynamics from NMR

Nuclear Magnetic Resonance (NMR) technique has been widely used to
determine the average structure and dynamics of lipid molecules within a
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bilayer. For example, the order parameter of a carbon-deuterium (C-D)
bond in a deuterated acyl chain, S¢p, is obtained from the quadrupolar
splitting, Av, of the NMR spectrum:

1. 4, h
= — —_— 1 = —
Scp 2(3 cos“f — 1) 3(62(]@

)Av, (2.15)

where (e?qQ/h = 170kHz) is the static quadrupole coupling constant for
C-D bonds and @ is the angle between the magnetic field and the C-D bond
[Seelig and Seelig, 1974]. The deuterium order parameters are highly use-
ful in that they can be directly compared with simulation [Petrache et al.,
2000]. From simulation with united atoms, one usually calculates the order
parameters either on the basis of the chain backbone conformations [van der
Spoel et al., 2005], or by first adding hydrogens to their geometrical equi-
librium positions and calculating the order parameter from the definition in
equation [2.15.

The dynamics of the acyl chains may be obtained from the NMR spin-lattice
relaxation times 77. For example, for the C-D bonds of lipids in vesicles
[Lindahl and Edholm, 2001; Mashl et al., 2001], the spin-lattice relaxation
rate is given by:

1 3 [ e2qQ 2

— = — J 4J(2 2.16
=10 (52) Ulen) + 452w, (2.16)
where wp denotes the nuclear Larmor frequency of ?H, and J(w) is the
spectral density of the second rank reorientational autocorrelation function,
Cy(t). The situation is defined by two equations:

J(w) = /0 " Colt) cos(wit)dt, (2.17)

Co(t) = S (3[a(t) - i(0))* - 1), (2.18)

where /i is the unit vector along the C-D bond. The above relation is im-
portant, as the Cy(t) function may be directly extracted from simulation for
any selected bond. The above discussion is not only limited to acyl chains,
but order parameters and relaxation times of deuterated head group regions
may be measured. NMR results for other nuclei may also be calculated from
simulation in a similar manner, such as *C for the C-H vectors [Lindahl
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and Edholm, 2001; Feller et al., 2002; Pastor et al., 2002], or the *N for the
headgroup vector [Siminovitch and Jeffrey, 1981].

Molecular motions of different time scales contribute to the decay time
of the correlation function Cy(t). The fastest motions are related to the
gauche/trans isomerisation of the acyl chains, which are of the order of
50-100 ps, whereas the molecular rotations and wobble are in the range
of nanoseconds [Pastor and Feller, 1996]. Various methods, such as multi-
exponential fits are used to characterise the shape of the correlation function
from simulation [Pastor and Feller, 1996; Mashl et al., 2001; Pitman et al.,
2005], or as in equation 2.17, a Fourier transform has been conducted for
the correlation function to yield the experimentally measurable T} relax-
ation time [Feller et al., 2002; Wohlert and Edholm, 2006] In this work, we
have merely characterised the decay of the Cy(t) functions by defining the
effective correlation time:

[, Cat) — Cy(oo)
nﬁ—A 0 —Cotoo) (2.19)

which gives a reasonable estimate for the overall decay in question [Pastor

et al., 2002]. One may note here that the plateau value of the correlation

function is related to the order parameter by Cy(oc0) = |Scp|? [Pitman et al.,
2005].

2.2.3 Lateral Diffusion

An important dynamic quantity of a bilayer is the lateral diffusion coefficient,
Dy, of the lipid molecules. Experimentally, this quantity can be determined
for example from single-molecule tracking [Fujiwara et al., 2002], pulsed-
field gradient NMR [Orddd and Lindblom, 2004}, fluorescence correlation
spectroscopy [Schwille et al., 1999], and fluorescence recovery after photo-
bleaching (FRAP) [Almeida et al., 1992], which all operate on the millisecond
time scale and give typically similar results [Wohlert and Edholm, 2006]. On
the other hand, neutron scattering experiments operate in the picosecond
range and give significantly higher diffusion rates [Kénig et al., 1992].

There are a number of issues related to calculating diffusion coefficients from
simulation. The first limiting factor is the available time-scale and poor
sampling due to low number of molecules, which often makes comparison
to experiments difficult [Wohlert and Edholm, 2006]. One should note that
the diffusive behaviour of the lipids may be obtained only after long enough
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times [Frenkel and Smit, 2002; Wohlert and Edholm, 2006]. Typically, the
diffusion coefficient is determined from the mean-squared displacement of
the lipid positions,

N ST
Dr = lim (7)) (2:20)

where d = 2 is the dimensionality of the diffusion. Here, the random relative
motion of the two lipid monolayers can lead to apparent super-diffusive
motion of the individual molecules if not taken into account [Anézo et al.,
2003]. This is clearly an artefact due to small system size, as the effect
vanishes for large systems [Klauda et al., 2006]. For small systems, the
correct diffusion coefficient may be calculated by removing the monolayer
movements first.

2.2.4 Elasticity

The large-scale behaviour of an undulating membrane may described by the
Helfrich bending free energy [Safran, 1994]:

Foend = /dA Bkc(H — Ho)* + k,He |, (2.21)
where H = 1/R;+1/ Ry is the sum of the two local principal curvatures, Hy is
the spontaneous curvature of the membrane, k. is the bending rigidity mod-
ulus, Hg = 1/R1 Ry is the Gaussian curvature, and k, is the corresponding
modulus. The integral covers the membrane area. For symmetric bilayers,
Hy vanishes and the Gaussian curvature term contributes a constant and
can thus be neglected from the integral [Safran, 1994]. More details on how
to analyse undulations from simulation is included in the last chapter of this
thesis.

Another typical way to characterise membrane elasticity is to look at the
compression in the plane of the membrane. The derivative of free energy F
with respect to membrane area A defines the surface tension of the lipid-
water interface [Feller and Pastor, 1996],

V= @—DT. (2.22)
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In vicinity of the equilibrium area A*, changes in free energy may be ex-
pressed through series expansion: AF = 1F"(A*)(A — A*)?, which leads
to a connection between the area fluctuations and the area compressibility
modulus:

_ oy A
Kyi=A (a_A>T - kBT<5A2>, (2.23)

where the denominator (§A?) is the variance of the fluctuating membrane
area, as available directly from the simulation.

2.2.5 Lateral Pressure Profiles

To understand the balance of forces within a bilayer and the nature of sur-
face tension, it is useful to modify the expression for the pressure tensor in
equation 2.12 such that it is defined locally. In particular, one can divide the
simulation box into horizontal slices in z-direction and calculate the average
pressure tensor within each slice [Lindahl and Edholm, 2000b]:

1 L . -
P(x) = s | Do mB@T+Y @ Fyglnm )|, (224)
P
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where A,Az is the volume of the slice. The first sum includes all atoms
within the slice, but the second sum has also contributions from atoms that
are outside of the slice. The function g determines to which extent atom
pair (4, j) contributes to the virial of the slice. The Irwing-Kirkwood contour
method [Irving and Kirkwood, 1950] draws the shortest line between atoms 4
and 7, and divides the virial contribution linearly to all slices along the line.
For more details, possible problems and limitations of the implementation
may be found from [Lindahl and Edholm, 2000b; Sonne et al., 2005].

After defining the local pressure tensor as in equation [2.24, we may define
the lateral pressure profile as the difference of the average lateral p; and
normal py pressure components in the slice at z:

_ Pz (2) + Dyy(2)
2

Q(2) = pr(z) — pn(2) — p22(2). (2.25)

The negative sign of €2 means that the bilayer tends to shrink in the zy-
plane and the positive sign means a tendency to expand. By integrating
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the lateral pressure profile across the whole system, one gets a value for the
macroscopic, measurable surface tension:

v /sz(z). (2.26)

The importance of the lateral pressure profile is further pronounced by the
fact that it is coupled to a number of other macroscopic properties. For
example the quantities presented in equation 2.21, such as the spontaneous
curvature, Hy, the bending rigidity modulus, k., and the saddle-splay mod-
ulus, ky, may be directly derived from the 2(z) [Ben-Shaul, 1995; Safran,
1994]. In addition, the changes in the distribution of pressure within a
membrane have been suggested to be significant for regulating the activity
of membrane proteins [Cantor, 1999].

In theory, the lateral pressure profile would provide an excellent way for
coupling the microscopic information from simulation with macroscopic in-
formation from experiments. However, even though the shape of lateral
pressure profile has recently been determined in a number of studies and
the importance of the concept has become more accepted, there are still a
number of open questions [Sonne et al., 2005; Ollila, 2006]. For example, the
precise form of the lateral pressure profile and its dependence on lipid com-
position are yet unclear. Only one attempt exists to experimentally gauge
the lateral pressure within a membrane [Templer et al., 1998]. In their work,
the authors used a fluorescent probe to compare the relative lateral pressures
at four different locations of the hydrophobic part of a membrane. So far,
no one has measured the quantitative values of the pressure profile.

2.3 Systems Studied in This Work

In Paper I and Paper 11, all studied bilayers consist of 128 SM molecules and
3655 water molecules. The simulations were carried out in a temperature of
323 K, using the Nose-Hoover thermostat and in a tension free state using
the semi-isotropic Parrinello-Rahman barostat. All simulations were 50 ns
in duration.

In Paper III, we study seven different mixtures of DPPC or POPC with
different sterols (20 mol-%) and compare them with properties of one-
component DPPC or POPC bilayer simulations. The other simulation pa-
rameters are identical to the above, but the duration of the simulations is
100 ns, and for the baro- and thermostat, we use the Berendsen scheme.
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All three systems studied in Paper IV and Paper V consist of 1024 lipids
with the molar fractions of POPC:PSM:CHOL = 1:1:1, 2:1:1, and 62:1:1.
All of the systems were discussed in Paper V, but only the third one in
Paper I'V. The simulation time was 50 ns for the third system and 100 ns for
the other two. The temperature (310 K) was kept constant with the Nose-
Hoover scheme, and the pressure with the semi-isotropic Parrinello-Rahman.
For the pressure profiles presented in Paper V, a few selected simulations

(128 lipids each) from previous works were included for comparison: PSM,
POPC, and DPPC:CHOL.



CHAPTER 3

Properties of Sphingomyelin

3.1 Motivation

This chapter discusses the characteristic features of SM: the high hydrogen
bonding capacity, the high degree of saturation of the acyl chains, and the
high variety in the length of the acyl chains. The discussion is based on
Paper I and Paper I1.

First, the most important bilayer properties of 16:0-SM (PSM) will be com-
pared with a structurally very similar PC (di-16:0-PC, DPPC), perhaps the
most studied lipid of all. In addition to bringing important insight about
the properties of these bilayers and about the hydrogen bonding character-
istics of SM, the comparison serves as a validation for the SM model used in
this work. In the end of the chapter, different molecular species of SM are
compared with each other and the effects of chain length and unsaturation
on bilayer properties are discussed.

3.2 Comparison of PSM with DPPC

Perhaps the most evident difference in one-component bilayers consisting of
either PSM or DPPC are the bilayer dimensions. Although the topology
and volume of the two molecules are very similar, the difference in bilayer
thickness, d, and the area per lipid, A, are significant. For PSM, d =
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(4.34 £ 0.05) nm, and A = (0.52 £ 0.01) nm?, but for DPPC, d = (3.58 +
0.05) nm, and A = (0.654+0.01) nm?. The observations are in agreement with
experimental values: the area per lipid for SM in /; phase has been shown to
vary between 0.47 and 0.55nm? [Maulik and Shipley, 1996; Li et al., 2000],
whereas for DPPC the area is 0.64nm? [Nagle and Tristram-Nagle, 2000].

As the values for the area per lipid vary, and there are experimental dif-
ficulties in determining this value [Nagle and Tristram-Nagle, 2000], more
reliable conclusions about packing may be determined on the basis of acyl
chain order parameters, as represented in Figure 3.1. It is evident from the
graphs that the acyl chains of PSM are much more ordered than the ones
of DPPC. For comparison, all existing NMR studies suggest significantly
higher ordering of the acyl chains [Neuringer et al., 1979; Mehnert et al.,
2006] and of the headgroups [Siminovitch and Jeffrey, 1981] in SM than
in PC bilayers. Also, in binary SM-PC mixtures, the addition of SM has
been shown to increase the overall order of the system [Guo et al., 2002;
Steinbauer et al., 2003].
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It is interesting to note from Figure that it is not only the order of
the chains that has increased in the PSM bilayer, but also the rotational
dynamics of the chains has significantly slowed down, as characterised by
the characteristic decay time of the rotational autocorrelation function of
the C-H bonds. The rotational dynamics is related to the spin-lattice relax-
ation time in the NMR experiment as introduced in the previous sections.
However, the spin-lattice measurements are lacking for SM.

Other dynamic features of the lipids, such as lateral diffusion and overall
rotational motions of the lipids are also significantly slowed down in the
PSM bilayer when compared to DPPC. For example, the lateral diffusion
coefficient is Dt = (0.38 £ 0.03) x 1077 cm?/s for PSM and Dt = (1.27 +
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0.03) x 107" cm?/s for DPPC. The timescale of the overall rotations of the
lipids around their main axis is slowed down from around 1.0ns (DPPC) to

6.9ns (PSM).

3.3 Hydrogen Bonding

Increased packing of lipids means decreased entropy and thus involves a cost
of free energy. As the only practical difference in the molecular structures of
PSM and DPPC are the hydroxyl and amide groups of PSM that are lacking
in DPPC, the free energy cost of packing in SM must be paid by the energy
of interaction of these groups with the rest of the system and/or with each
other. In practice, as the two groups contain polar hydrogens, this means
hydrogen bonding. The features of hydrogen bonds in the studied bilayers
and how to analyse them in a classical simulation are discussed below.

Although a classical simulation fails to include quantum effects such as polar-
isation, classical two-body potentials have been shown to predict the correct
qualitative static and dynamic features of hydrogen bonding liquids such as
water [Ladanyi and Skaf, 1993]. Thus, with a careful choice of parameters
in a classical simulation, it is possible to make conclusions about the occur-
rences and lifetimes of hydrogen bonds within and between biomolecules.
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A hydrogen bond is formed by two electronegative atoms, a donor (D) and
an acceptor (A), with a hydrogen (H) attached covalently to the donor.
To define the conformation of a hydrogen bond, one generally uses either
energetic [Sciortino et al., 1990] or geometric [Luzar and Chandler, 1996]
criteria. In this work, we have utilised a geometric criterion for the hydrogen-
acceptor distance dya and the donor-hydrogen-acceptor angle ppa. By
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plotting the distributions for the distance and the angle of selected D-A pairs,
one may judge whether any hydrogen bonds occurred during the simulation.
The distributions in Figure (3.2 justify the choice for the criteria dysy <
0.25nm and fpga < 90°, so that all necessary hydrogen bond types are
captured in the analysis.
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Figure (3.3 reveals the number of hydrogen bonds between different molecular
groups as a function of simulation time. It is easy to see that after a few
nanoseconds, the total number of hydrogen bonds in the system finds an
equilibrium and starts to fluctuate around a constant value: during any time
interval the same average number of new bonds are formed as old bonds are
broken. The situation becomes interesting when one compares the average
numbers of hydrogen bonds in different kinds of systems at equilibrium. For
example, Figure reveals that DPPC forms more bonds with water than
PSM. On the other hand, DPPC lacks hydrogen bond donors, which makes
it impossible for hydrogen bonds to occur between DPPC molecules or intra-
molecularly within DPPC molecules. This is not the case for PSM, which
means that a network of hydrogen bonds is formed within the PSM-bilayer,
not just between lipids and water. This leads to major implications on the
properties of the bilayer, as discussed in the previous section.

To further characterise the hydrogen bonding characteristics within a PSM
bilayer, it is useful to look at the different functional groups separately.
The hydroxyl group is mostly (91%) involved with intramolecular hydrogen
bonds with the phosphate oxygens. After being formed, these bonds are
very stable, lasting on average longer than the simulation. The NH-group,
on the other hand, is mostly involved with the intermolecular bonds, mainly
bonding with the hydroxyl oxygen (63%) and the carbonyl oxygen (21%).
The breaking /reforming timescale of the intermolecular bonds are typically
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in the order of 1-7ns. Water makes hydrogen bonds with all polar groups of
the lipids, but mostly with the phosphate oxygens of PSM and DPPC, the
timescale of the bond breaking/reforming being typically in the order of 10

ps.

3.4 Effects of Chain Length and Saturation

Sphingomyelins of biological membranes constitute a variety of molecular
species with varying chain length and degree of unsaturation. To better
understand the origins of this variety, it is useful to study systematically the
factors affecting the properties of SM bilayers. Figure summarises the
results on bilayer dimensions when one of the chains of SM (acyl chain) has
been varied between 16 and 24 carbons in length, and when the unsaturation
has been varied between full saturation and monounsaturation.

The graphs reveal two aspects. First, for all chain lengths unsaturation
increases the area per lipid significantly when compared with saturated SM.
A single double bond in one of the chains can therefore drastically alter
the overall fluidity of the bilayer, which in turn is reflected in almost all
other properties of the bilayer. The effect of chain length on the area per
lipid is much less clear. There seems to be a slight trend of decreasing area
per lipid with increasing chain length, but the effect is less significant than
unsaturation.
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The most prominent effect of chain length is reflected on the bilayer thick-
ness, which increases linearly with chain length. It has been proposed that
the match between the hydrophobic length of an integral protein and the hy-
drophobic thickness of the membrane could be important for the partitioning
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of the protein into different membrane environments [Jensen and Mouritsen,
2004; Andersen and Koeppe, 2007]. From this point of view, the high variety
of chain lengths of SM may be understood as being important for the cells,
as they need to adjust the hydrophobic thickness of their membranes and
regulate the partitioning of the membrane proteins.

The effect of double bonds and the chain length on the ordering and the
dynamics of the chains themselves is summarised in Figure 3.5, The order
parameter profiles show that the double bond causes a large peak locally
in the chain order, but has almost negligible effects close to the chain ends.
As for the chain dynamics, the 7.4 profiles also display a local effect in the
vicinity of the double bond. A natural conclusion from this is that the effect
of unsaturation is local and that the unsaturation most probably increases
the area per lipid through local changes in lateral pressure [Ollila et al.,
2007].
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The effect of chain length on the ordering and dynamics of the chain is much
less significant. The long unsaturated chains are somewhat more ordered and
their rotational dynamics is slower than that of the short ones, but the effect
is small. Also, the chain ends in the middle of the bilayer are somewhat less
ordered for long chains than for the short chains.
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3.5 Interdigitation

A highly interesting phenomenon is the interaction of the opposite mono-
layers through the bilayer centre. This interaction is mediated by the inter-
digitation of acyl chains of the lipids and is possibly related to information
transfer across the membrane. As SMs typically have long chains, and a
relatively large chain length disparity, they make good candidates for study-
ing the phenomenon of interdigitation. Especially in the gel phase, but also
to some extent in the fluid phase, the long chains have been suggested to
interdigitate through the bilayer centre and reach far to the opposite side of
the bilayer. This effect has been seen also in our simulations, see for example
the snapshot in Figure [3.6. Recently, it was proposed that interdigitation
could cause co-localization of lipid domains in bilayers that display phase
separation ﬂAllender and Schick, ‘2006‘].

Figure 3.6: Snapshot from
the simulation of 24:1-SM bi-
layer. A few molecules have
been rendered differently to
highlight the different molec-
ular conformations and in-
terdigitation through the bi-
layer centre.

Interdigitation was first suggested on the basis of electron density graphs,
measured by x-ray diffraction. These graphs showed a density peak in the
middle of the bilayer instead of a trough, which is typical for lipids with
chains of similar length. Using our model, we were able to reproduce this
density peak for SMs (Figure [3.7) and compare the profiles with the ones
from x-ray diffraction ﬂMaulik et al.‘, ‘1986]. A more detailed analysis lead
to the conclusion that the peak is indeed caused by the increased packing of
the ends of the long chains in the middle of the bilayer.

Two effects are observed from the two lower panels of Figure[3.7: the longer
chains reach further towards the opposite monolayer, but on the other hand,
there is a significant contribution from chains that have been bent. There-
fore, it is difficult to quantify the extent of interdigitation in the studied
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systems and the possible biological significance of the observation. A pos-
sibility to give more quantitative arguments about the significance of inter-
digitation would be to conduct non-equilibrium simulations and to measure
the interlayer friction for varying systems [Shkulipa et al., 2005]. Work in
this direction is underway.



CHAPTER 4

Properties of Sterols

4.1 Motivation

The various effects of sterols on membrane properties are mainly explained
by the fact that the sterols accommodate themselves into the hydrophobic
region, reducing the free volume and increasing the order of the neighbouring
acyl chains. At high enough sterol concentration, the overall properties
like elasticity of the membrane are altered, and particularly in the case of
cholesterol, the [, phase is formed. Also, in ternary mixtures of lipids such as
SM, CHOL, and PC, a phase separation of the [, and [; regions is observed,
which is possibly related to the lipid rafts of biological membranes.

However, the nature of molecular interactions between SM, CHOL, and PC
is not fully understood. A common interpretation is that a ”specific” inter-
action such as hydrogen bonding between SM and CHOL leads to strong
attraction between these two molecules [Sankaram and Thompson, 1990; Li
et al., 2001; Simons and Vaz, 2004]. On the other hand, other studies sug-
gest that no specific hydrogen bonding is needed and that the hydrophobic
interactions might play a more important role under given conditions [Slotte,
1999; Holopainen et al., 2004].

A closely related issue is the factors that determine the extent of how CHOL
increases the acyl chain order. In the hydrophobic region, the van der Waals
interactions dominate, but a second contribution comes from the electro-
static interactions of the headgroup of CHOL with the polar parts of other
lipids and with water.
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In this chapter, different mechanisms of molecular interactions between
sterols and other lipids are reviewed and the key results from the simu-
lation studies in Paper III and Paper IV are presented. In particular, we
study the molecular interactions in a system with dilute CHOL and SM con-
centrations, embedded in a POPC matrix. Finally, the ordering capacity of
CHOL is compared to that of other sterols.

4.2 Ordering Capacity of Cholesterol

First, to understand the capacity of cholesterol to order the acyl chains of
neighbouring lipids, let us examine Figure [4.1. The figure shows the Scp
order parameters of the saturated palmitoyl chains in both lipids in two
situations: when the lipid has a cholesterol neighbour, and when it has
none (i.e. it has only POPC neighbours). The figure reveals clearly that,
throughout the chain length, CHOL increases the order of the acyl chain
of both types of neighbouring lipids. This conclusion is in agreement with
a previous study, which showed that CHOL has a tendency to order the
neighbouring acyl chains within a radius of a few nanometres [Pitman et al.,
2004].
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Another clear conclusion from Figure [4.1 is that CHOL increases the or-
dering of PSM more than that of POPC. On average, the order parameter
in POPC changes by 0.041 but in PSM by 0.066. This is an indication of
the different nature of the PSM-CHOL interaction when compared to the
POPC-CHOL interaction. Here one should note that the difference must be
due to local lipid-lipid interactions, because the overall membrane environ-
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ment, dictated by the excess POPC matrix, may be assumed to be similar
for each of the separate CHOL molecules in the system.

Another aspect of CHOL order may be found in Figure which presents
the tilt of cholesterol molecules with respect to the bilayer normal in two
different situations: when surrounded only by POPC molecules, and second,
when one of the neighbours is PSM. The graphs reveal that having a PSM
neighbour induces a significantly less tilted orientation of CHOL with respect
to the bilayer normal. Clearly, the close neighbourhood of PSM increases
the order of CHOL — an indication of a specific interaction between these
molecules.
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Figure 4.2: The angular dis-
tribution of the ring struc-
ture of CHOL with respect to
the bilayer normal, plotted
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| molecules that have a PSM
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The high ordering capacity of cholesterol is usually related to the attractive
van der Waals interactions between the hydrophobic parts of CHOL and the
acyl chains. For example, saturated chains have been shown to favour the
smooth a-face of CHOL instead of the rougher g-face [Pandit et al., 2004a;
Rég and Pasenkiewicz-Gierula, 2006a]. The results in Paper IV support this
idea. We find that the saturated chains of POPC and PSM are on average
more ordered when next to the a-face of CHOL than the [-face, whereas
the unsaturated chain of POPC shows no such difference. The differential
ordering of the acyl chains on the two sides of CHOL possibly also explains
the observed preference of PSM for the a-face.

Here one should note that the electrostatic interactions of CHOL’s head-
group with the rest of the system probably play an additional role in reg-
ulating the tilt of CHOL, which then again is reflected in the order of the
neighbouring acyl chains. The situation is complex with many competing
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effects taking place simultaneously, and it is difficult to estimate the relative
significance of the different contributions. However, the next sections will
discuss aspects of the phospolipid interactions with the CHOL headgroup.

4.3 Direct Hydrogen Bonding

The hydrogen bonding characteristics between different molecules in the sys-
tem studied in Paper IV are summarised in Table Perhaps the most
notable effect is the nearly complete lack of direct hydrogen bonds between
CHOL and PSM. Considering the much higher number of direct bonds be-
tween other molecular pairs such as CHOL-POPC and PSM-POPC, it seems
evident that direct hydrogen bonding can not be the principal interaction
that would lead to molecular attraction between PSM and CHOL within a
PC matrix, at least at low CHOL/PSM concentrations.

Table 4.1: Average numbers of hydrogen bonds per
corresponding pair for different molecules.
POPC PSM Water

POPC — 0.93  6.99
PSM without Chol  0.93 1.08' 6.39
PSM with Chol 0.93 1.12' 6.2
Chol without PSM  0.88 — 0.54
Chol with PSM 0.82 0.08 0.44

'PSM intramolecular H-bonds, involving the OH-group.

Hints of other interesting phenomena can be found after a more detailed
comparison of the numbers in Table 4.1, For example, the hydrogen bonding
of CHOL with water is diminished when it has a PSM neighbour, and on the
other hand, the number of intramolecular bonds of a PSM is increased when
it has a CHOL neighbour. It seems as if the hydrogen bonding patterns
of these two molecules are altered when they are next to each other, even
though no direct hydrogen bonding is observed.

It is worthwhile to consider the possible effect of the employed force field
on the conclusions on hydrogen bonding. Simulation studies on SM bilayers
with different force field parametrisations [Chiu et al., 2003; Hyvonen and
Kovanen, 2003; Mombelli et al., 2003] have yielded very similar hydrogen
bonding patterns as the model used in this work (see Section[3.3). Also, stud-
ies on binary SM-CHOL mixtures have produced results with significant di-
rect hydrogen bonding [Khelashvili and Scott, 2004; Rég and Pasenkiewicz-
Gierula, 2006b], mainly between the amide group of SM and the head group
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of CHOL, but to some extent with the hydroxyl groups. However, previous
studies of ternary PC-SM-CHOL mixtures [Pandit et al., 2004a,b] have not
reported any direct hydrogen bonds between SM and CHOL either. It is
not completely clear, how sensitive the results are for example to changes
in force field parameters such as partial charges. It is possible that the in-
teractions overall in this field are somewhat off balance and for example the
lowering of the partial charges of the carbonyl oxygens in PC would change
the hydrogen bonding pattern. Another possibility is that the current force
field and the current conclusions are right. More detailed computational
work is needed in order to evaluate and possibly improve the force fields.
Also clever experiments are called for, in order to validate the predictions
made with the current models.

4.4 Head Group Interactions

In addition to hydrogen bonds, other electrostatic interactions play a role
in lipid-lipid interactions. For example, the PC-headgroup has a negatively
charged phosphate (P) and a positively charged choline (C) group. The
interactions between a set of PC-headgroups are understood in terms of a
dipole-dipole interaction, which is either attractive or repulsive depending
on the relative orientations of the dipoles. Even though the PC-headgroup
is incapable of forming hydrogen bonds, a net attractive electrostatic inter-
action is possible with the OH-group of CHOL and the positively charged
choline. A snapshot showing the typical conformation that involves this
interaction is in Figure

Figure 4.3: Snapshots rep-
resenting typical PSM orien-
tations, for a PSM without
CHOL neighbour (left) and a
PSM with CHOL neighbour
(right).

In Paper IV it was shown that even though PSM seems "reluctant” to form
direct hydrogen bonds with CHOL, the charge-pairs between its headgroup
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and CHOL are relatively much more abundant than those between POPC
and CHOL. To characterise this somewhat surprising effect in greater detail,
all POPC and PSM lipids in this study were divided into two groups: those
which have a CHOL neighbour and those which do not. The distributions of
the headgroup orientations (characterised by the P-N vector) with respect
to bilayer normal in the two cases are plotted in Figure
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The graphs in Figure 4.4/ reveal that without a CHOL neighbour, the head-
group of POPC is tilted somewhat more towards the bilayer centre than the
headgroup of PSM. The neighbourhood of CHOL makes an interesting dif-
ference, however. While the tilt of POPC’s headgroup changes only slightly,
the headgroup of PSM becomes more tilted towards the bilayer centre than
the one of POPC. At the same time, the distribution of the headgroup angles
becomes bimodal for PSM. An analysis of the hydrogen bonding patterns
hints that the intramolecular hydrogen bonding of PSM might help in sta-
bilising the bending of the PSM’s headgroup downwards and thus further
the charge-pair interaction between PSM and CHOL. The idea is illustrated
in the two snapshots of Figure 4.3.

Another related interaction is the so-called umbrella effect [Huang and
Feigenson, 1999], which is probably enhanced by the charge-pairing interac-
tion. The idea of the umbrella effect is based on the fact that CHOL is largely
hydrophobic and benefits when shielded from water by other headgroups. In
a more detailed analysis in Paper I'V, we find that the hydrophobic parts of
CHOL indeed have less overlap with water when charge-paired with PSM
than when charge paired with POPC. Based on this observation, it was pro-
posed that the combination of charge-pairing and hydrophobic effects could
be more important for PSM-CHOL interaction than direct hydrogen bond-
ing, but estimating the relative strengths of the various effects is difficult.
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The issue remains to be fully solved by either much more detailed free-energy
calculations or detailed experiments.

4.5 Sterol Tilt vs. Fluidity

The previous sections showed that PSM’s acyl chains are more ordered when
next to CHOL. On the other hand, the body of CHOL was less tilted when
next to PSM. Figure 4.5 shows that the order parameters of the chains of
PSM and POPC are strongly correlated with the tilt angle of a neighbour-
ing CHOL. Higher instantaneous tilt of CHOL weakens the order of the
neighbouring acyl chains.
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In a more detailed analysis, the effect of Figure [4.5 was found to split
into two contributions. First, an increased tilt of cholesterol increases the
gauche/trans fraction of the dihedral angles in a neighbouring chain, which
is reflected in a decrease in the order parameter values. On the other hand,
a more tilted CHOL also increases the overall tilt of the neighbouring acyl
chains, causing an additional decrease of the order parameters. In Figure
4.5, both of these effects are lumped together into a single order parameter
value. However, the value of S¢p is highly useful as it is experimentally
measurable and as it correlates with a number of macroscopic properties of
bilayers [Bloom et al., 1991].

Concluding, a strong correlation between the instantaneous tilt of CHOL and
the order parameters of the neighbouring acyl chains suggests that either one
of the two can be measured to give similar information. For bilayers with
dilute CHOL concentrations, measuring the distribution of CHOL tilt gives
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information about the local lipid environment around the CHOL molecules.
At higher concentrations, the measured average tilt would be more and more
related to the average order of the whole system.

4.6 Comparison of Sterols

The above discussion shows that CHOL has a strong tendency to increase
the order of the neighbouring acyl chains. This property is one of the key
factors leading to the formation of the [, phase and, under certain conditions,
the formation of phase-separation and lipid rafts. Previous computational
studies have indicated that even minor modifications in the molecular struc-
ture of CHOL weaken the ordering properties and/or alter the partitioning
of CHOL [Vainio et al., 2006; Rog et al., 2007].

In Paper I1I, we compare the effects of four different sterols on membrane
properties. For details of the different structures, see Figure 1.2. In addition
to CHOL, we study two physiological analogs: ketosterol (polar part modi-
fied) and desmosterol (tail modified). Additionally, we include one artificial
sterol (DCHOL), with the two methyl groups on the [(-face deleted. The
idea of the study was to examine how modifications of different parts affect
the function of the sterols.
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Figure 4.6: Sterol tilt angle distributions in DPPC (left) and DOPC (right)
bilayers with respect to bilayer normal. In each case the sterol content is 20

mol-%.

Figure 4.6 shows the distribution of tilt angles of different sterols in binary
mixtures with DPPC or DOPC. The first observation from the figure is that
in the unsaturated DOPC-environment, all sterols but desmosterol display
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higher tilts than in the saturated DPPC environment. Moreover, the dif-
ferences between the effects of different sterols in saturated membranes are
much larger than in unsaturated membranes. Actually, CHOL and desmos-
terol behave exactly similarly in the DOPC-environment, as supported also
by experiments [Huster et al., 2005]. However, none of the sterols is better
than CHOL in terms of ordering properties in any environment. In particu-
lar, CHOL has a significantly lower tilt in the saturated DPPC bilayer when
compared with any of the other sterols.

In Paper III, we find that the correlation between sterol tilt and the average
order parameters of the acyl chains holds for all studied systems. Therefore,
concluding from Figure [4.6, CHOL seems to be superior in increasing the
order of saturated acyl chains. This general conclusion is in accord with
previous studies that have been carried out to resolve the effect of different
sterols on membranes [Korstanje et al., 1990; Urbina et al., 1995; Vainio
et al., 2006]. As CHOL is the most abundant sterol in most eukaryotic
membranes, it is natural to assume that the ordering capacity is directly
linked to the biological function.

The interesting case of ergosterol has not been included in this work. Previ-
ous studies have shown that ergosterol is even more effective in increasing the
order of saturated acyl chains than CHOL [Urbina et al., 1995; Czub and Ba-
ginski, 2006; Cournia et al., 2007]. It has been proposed that the main cause
for this are the additional methyl group and the double bond of the side-
chain of ergosterol, which restrict the conformational freedom and mobility
and lead to more effective packing [Czub and Baginski, 2006]. Additional
studies would be needed to completely understand the interplay between
sterol structure and functions. An intriguing question about a possibility to
create a synthetic molecule that would beat the properties of natural sterols
remains to be answered. However, the next chapter concentrates on bilayers
with CHOL and considers the properties of lipid raft membranes.
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CHAPTER 5

Lipid Raft Simulations

5.1 Motivation

Various experiments have displayed the coexistence of [, and [; domains in
model membranes under certain conditions, but no direct evidence exists
of the exact nature of domains in membranes of living cells. Properties of
rafts, such as their characteristic sizes, lipid composition and lifetimes have
remained unclear. Even results discussing the nature of the lipid phases in
experimental model membranes vary [Clarke et al., 2006; Mehnert et al.,
2006]. As the smallest estimates for the sizes of rafts are in the order of
nanometres, they could in principle be assessed by atom-scale simulation.
It is perhaps surprising that only a few simulation studies [Pandit et al.,
2004a,b] have been carried out on ternary mixtures of CHOL, SM, and PC.

This chapter discusses the simulation results on lipid raft membranes, pre-
sented in Paper V. First, the most important average properties of raft and
non-raft membranes are summarised and discussed. Then, details of calcu-
lating the bending rigidity, the area compressibility, and the lateral pressure
profiles of each of the membranes are reviewed in separate sections. Finally,
the possible biological consequences of the findings are discussed through
their effects on membrane proteins.
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5.2 Overview of Membrane Properties

Average properties of the simulated raft and non-raft membranes are sum-
marised in Table 5.1. The first observation is the strongly condensed
nature of the two raft membranes (with POPC:PSM:CHOL = 1:1:1 or
2:1:1). The decreased area per lipid, together with the increased bilayer
thickness and order parameter values indicate that acyl chains in the raft-
membranes are much more highly packed than in the non-raft system (with
POPC:PSM:CHOL = 62:1:1). When looking at the area compressibility,
K 4, and bending rigidity, k., values, it is evident that the raft systems are
characterised by a much more rigid nature than the non-raft membrane.
The lateral diffusion coefficients, D, reveal more than an order of magnitude
slower dynamics in raft membranes when compared to non-raft membranes.

Table 5.1: Average structural and thermodynamic properties calculated
from the simulations of systems S, Sp and S¢: average area per lipid
(A), bilayer thickness (d), deuterium order parameter (Scp) of acyl chain
carbons 5-7, area compressibility modulus (K 4), bending rigidity mod-
ulus (k.) and lateral diffusion coefficients (D).

System Sa Sg Sc
POPC:PSM:CHOL 1:1:1 2:1:1 62:1:1

A [nm?] 0.41 £ 0.01 0.44 £ 0.01 0.66 £ 0.01
d [nm] 4.40 £ 0.05 4.29 + 0.05 3.53 £ 0.05
-Sep (5-7) 0.41 0.36 0.18

K4 [1073 N/m] 2700 + 700 1000 £+ 400 200 4+ 100
k. [1072° J] 10 &£ 2 7T+ 2 6+ 2

Dpope [10~7 cm?/s]  0.037 £ 0.002 0.08 = 0.02 0 .67 % 0.06
Dy [10°7 cm?/s]  0.036 £ 0.002 0.07 &+ 0.02 0.8 + 0.2
Denot [107 em?/s]  0.038 £ 0.002 0.08 + 0.02 0.5 + 0.2

According to the experimental phase diagram represented in Figure 1.4,
our simulations of raft membranes should display a coexistence of l; and [,
phases, while the non-raft membrane should be in the [; phase. Considering
the unexpectedly slow diffusion within these two membranes, it becomes
evident that the simulation time of 100 ns is too small to cover complete
mixing of the lipids and allow the formation of domains. However, our
analysis shows that the lipids move on average approximately over their
own size within the simulation time scale, and that the local interactions
between the neighbouring lipids are adequately sampled. This justifies the
assumption that the average bulk properties of the studied membranes do
arise from the lipid-lipid interactions of their constituents.
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Recent experimental results give further support for our choice of systems.
First, an AFM study reported a thickness difference of 0.6 — 0.9 nm in a
bilayer that displayed a phase coexistence of the l; and [, domains [Rinia
et al., 2001]. This is in agreement with the thickness of the simulated bi-
layers. Another is a pulsed-field NMR study [Filippov et al., 2006], which
reported two populations of diffusion coefficients in DOPC-SM-CHOL mix-
tures with 10-30mol% CHOL at 300 K, one corresponding to the l4 phase
(D~ 1x10""cm? /s) and the other to the [, phase (D ~ 1 x 1078 cm? /s).
The agreement of these two results supports the idea that two of the simu-
lated bilayers are representatives of the environment within a [, domain of
these studies, whereas one of the systems is in the [; domain.

The bilayer dimensions, A and d, of the non-raft bilayer are in agreement
with previous findings on pure POPC bilayers in the [; phase [Kucerka et al.,
2005; Patra et al., 2006]. Also, the area compressibility modulus, K4, and
the bending rigidity, k. are in line with previous studies of pure PC bilayers,
reporting K4 = 140 — 300 x 107 N/m and k. = 4 — 9 x 1072 J [Evans and
Rawicz, 1990; Lindahl and Edholm, 2000a; Rawicz et al., 2000].

The two lipid raft simulations may be compared with binary PC-CHOL sys-
tems with similar CHOL concentrations. Comparison with previous studies
shows that the values for A in Table [5.1 for S4 and Sp are 0.1 to 0.4 nm?
lower than expected for binary PC-CHOL systems with similar CHOL con-
centrations [Hofséss et al., 2003; Falck et al., 2004]. Also, we find higher
differences in K4 values than previous reports, predicting maximally 5—7
fold increases in the K4 values upon CHOL addition into PC bilayers [Need-
ham et al., 1988; Hofséss et al., 2003]. Particularly interesting is the study
reporting a much higher value of K4 = 1718 x 1073 N /m for a SM-CHOL bi-
layer than the value of K4 = 781 x 1073 N /m for a PC-CHOL bilayer, both
with 50mol% CHOL [Needham and Nunn, 1990]. Concluding, the above
values suggest an additional role of PSM in ordering and rigidifying the
bilayer. This is possibly related to the additional intermolecular hydrogen
bonds induced by PSM.

5.3 Undulations and Bending Rigidity

Let us consider a nearly planar membrane, whose height over the xy-plane
(projected area A,) is described by the function h(z,y). For an example,
see Figure 5.1.

By definition, the curvature is given by H = V2h. Additionally in the small
gradient approximation, the local stretch of membrane area due to undu-
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Figure 5.1: An example of a
fitted surface to an undulat-
ing membrane.

s

lation is (1/2)(Vh)? [Safran, ] After neglecting the terms related to
spontaneous and Gaussian curvatures in the Helfrich formulation of equation
2.21, the free energy reads:

Frona = /A dady Bk (V2he.))’ + 57 (Vhizy)?| . (5.)

P

From a bilayer simulation, it is possible to estimate the function h(z,y) by
fitting a grid onto the lipid /water interfaces of the two monolayers separately
to yield functions h; and hs ﬂLindahl and Edholm, ‘QOOOb‘]. The average of the
two layers then gives h(x,y) = 0.5[h;(z, y) + ho(z, y)], as shown for example
in Figure The periodic boundary conditions used in a simulation lead
to a convenient representation after a discrete Fourier transform:

1 1
Frena = Ap Z |hgl [Ekcq4 + 57612} . (5.2)
q

Applying the equipartition theorem to the above equation yields kgT'/2 av-
erage energy per each independent term in the sum. This immediately gives
us the undulation spectrum:

kepT
p(keq* +7¢?)

(1hal?) = (53)

For small g-vectors (¢ < qo = +/7/ke), the spectrum is dominated by the
bending rigidity term, and the k. value can be estimated by fitting an ap-

proximate form (|hg?) ~ ¢~*. On the other hand, the sum over all wave
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vectors in equation|5.3 can be evaluated explicitly to yield the mean squared
undulation amplitude of the whole membrane:

(1) = 3 (hef?) ~ oz (5.4)

—

q

The above described undulatory behaviour involves correlated motions of
the two monolayers of a membrane. Another aspect would be to study the
peristaltic motions of the membrane through monitoring the thickness oscil-
lations by the function d(z,y) = he(z,y)—hi(z,y). To a first approximation,
the free energy related to peristaltic motions is a sum of the bending rigid-
ity (described by k;) and a harmonic term (k) that restores the membrane
thickness to its equilibrium value dy [Lindahl and Edholm, 2000b]:

Fper = /A dxdy Ekd (VZd(z, y))2 + %ke (d(z,y) — do)*| . (5.5)

p

Now, a similar treatment as for undulations yields the peristaltic spectrum:

2 k?BT
<|hq‘ > - Ap(kdq4 + kje)‘ (56)
The major difference of the peristaltic spectrum when compared with the
undulatory spectrum in equation|5.3 is that the undulatory spectrum reaches
asymptotically a constant value when ¢ decreases, whereas the undulations
always increase when the system size is increased (¢ decreased). This effect
is clearly seen in Figure|5.2 towards small ¢ values.

The bending rigidity may be extracted from the undulatory spectra in Figure
5.2A either by fitting a function (|hg?) ~ ¢~* as discussed above or by
calculating the sum of equation [5.4. Although the fitting is subject to large
error due to the small number of points at the small-¢g area, the two methods
yield very similar results as seen in Figure [5.2A.

It is interesting to see that the increasing content of SM and CHOL in
the bilayer increase the bending rigidity values significantly. In Paper V
we discuss these values and find an agreement with experimental studies.
What is also interesting in Figure[5.2, is the observation that the large-scale
(low-q) peristaltic wave modes are suppressed relatively much more than
the undulatory modes in the raft-like membranes. This is understandable,
as particularly CHOL has been found to accommodate the voids within
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Figure 5.2: Undulatory (left) and peristaltic (right) spectral intensities per
wave mode versus wave vector magnitude for the two raft systems and one
non-raft system.

the membrane [Falck et al., 2004] and thus probably decrease the volume
fluctuations involved with peristaltic motions. The observations related to
peristaltic motions are much more difficult to compare with experiment and
are, therefore, yet a less verified but novel prediction from the simulation.

One more thing to note is that all of the above discussion holds only for small
enough g-values, or large enough length-scales. Typically the critical length
scale is given by the average membrane thickness [, such that g.. = 27 /l,.
In our work we have used g.. = 1.0nm~!. For very small length scales it
is the protrusions of single lipids that dominate the spectrum. Relating a
microscopic surface tension, 7, to the free energy cost of protrusions, one

yields a spectrum of the form:

kT
(1hal?) = -

o) (57)

for the protrusions. Therefore, both spectra in Figure should behave as
q~? at large ¢ values because of the protrusions, and one should be able to
find a value for «, by fitting. However, we found that different methods of
fitting the grid (nearest neighbour, linear, cubic) lead to qualitatively dif-
ferent behaviour in this region of the spectrum and thus make it impossible
to do the fitting. To properly evaluate protrusions, more elaborate analy-
sis, such as height-height correlations of the neighbouring lipids should be
conducted.
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5.4 Area Compressibility

Here, one should note the effect of undulations on the measured K4, as
introduced in equation 2.23] First, the surface tension v as presented in
equation is related to the local area stretch due to bending of the mem-
brane. This is by definition different from the macroscopic surface tension,
7, measured over a large undulating membrane patch. Due to undulations,
the true area of the membrane, A, is different from the measured area, A,.
The relation between the "bare” area compressibility modulus K 4 and the
measured one, K4 may be derived from [Marsh, 1997]:

1 — (kgTA,y/8m3k?) ) (YA, /72ke + 1)
1+ (KakpTA,/873k2) (A, 2k + 1) |

KA%KA (58)

By setting 4 = 0 and using the measured values of k., K4 and A, for the
largest and most fluid system in Table 5.1, we get a difference of about 0.2
% between the values of K4 and K 4. Thus, due to the small size of any
realistic simulation box, we are practically always measuring the "bare” K 4,
even with finite undulations.

5.5 Lateral Heterogeneity

We find two kinds of lateral heterogeneity in the studied systems. The
first kind is prominent in the raft bilayers and seems to be related to the
tendency of CHOL to order the neighbouring acyl chains. Figure[5.3|shows
the average order acyl parameters for one of the raft simulations, plotted over
the xy-plane and averaged over 10 ns. Comparison with the neighbouring
plot for lateral density of cholesterol over the same time interval shows a
clear correlation. The areas with higher lateral density of CHOL correspond
to higher acyl chain order, whereas areas of depleted CHOL display higher
disorder.

The other type of lateral heterogeneity is observed in the non-raft simulation
and displayed in Figure Here, the small concentration of CHOL seems
insufficient to fully account for the observed large-scale lateral heterogeneity
in chain order parameters. Instead, the regions of higher order seem to be
related with the thickness fluctuations of the membrane. As can be seen
from Figure 5.4, the more ordered regions are correlated with the thicker
regions of the membrane and the less ordered regions with thinner regions.
The idea is supported by the fact that the large scale peristaltic modes are
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Figure 5.3: The deuterium
order parameters of selected
carbons (C5-C7) in POPC
and PSM chains (left) and
the CHOL density (right),
binned in the xy-plane and
averaged over 10 ns. The
plot is for one of the two
leaflets in the system with
POPC:PSMCHOL=2:1:1.

much more pronounced in the non-raft membrane than the raft membranes,

as indicated by Figure

d(x,y) [nm]

g

Figure 5.4: The deuterium
order parameters of selected
carbons (C5-C7) in POPC
and PSM chains (left) and
the average thickness of
the bilayer (right), binned
in the xy-plane and aver-
aged over 10 ns. The
plot is for one of the two
leaflets in the system with
POPC:PSMCHOL=62:1:1.

The above conclusions on lateral heterogeneity may be debated because of
the slow dynamics and the inadequate conformational sampling in the raft
simulations. However, while the two raft-systems were started from differ-
ent initial configurations, they lead to similar conclusions. Furthermore, a
characterisation of the pair distribution functions between the lipids in time
display significant changes and convergence over time, which is an indication
of relaxation of the structure at small length scales.



5.6 Lateral Pressure Profiles 63

5.6 Lateral Pressure Profiles

Figure shows the lateral pressure profiles of different kinds of lipid bi-
layers calculated from MD simulations. It is interesting to note that even
though the integral over (z) must be zero due to the boundary condition
v = 0, the local pressures within the bilayer are relatively large in magni-
tude, in the order of 1000 bar. The origins and the nature of the different
peaks in €(z) have been discussed in recent literature and for example the
pressure has been divided to different force field contributions [Lindahl and
Edholm, 2000b; Patra, 2005; Sonne et al., 2005; Ollila, 2006]. In this work, a
particular difficulty arises from the relatively large undulations in system S¢,
the largest bilayer in fluid phase. To properly gauge the lateral pressure, one
should measure the lateral pressure along the contour of the membrane. To
simplify the situation, we have limited our discussion either to smaller sys-
tems or for the raft-simulations with high k., due to suppressed undulations
in both.

1500 Fr T T T T T T T
1000 |- .
= 500 ]
2 N \ M\~
S 500L N
c\:}/-1(5)881 \/ \\/ — s, (L) \/ \/ 1 Figure 5.5: Lateral pressure
-1500 Sy (2:1:1) -1 profiles of systems S, and
22000 = e s o g (o), together with the
1500 F 11— 1= Dpreviously simulated pure
1000 - 4 POPC/PSM systems and a
T 500 -+ binary DPPC-CHOL system
% 0 7 (bottom). The centre of the
<] 1'(5)88; SOPC 4 membrane is at z = 0.
) L PSM i
-1500 |- — DPPC:CHOL .
000 L T T T

-3 -2 -1 0 1 2 3
z [nm]

The pressure profiles for different systems, as shown in Figure are qualita-
tively different. In particular, membranes that contain cholesterol display a
higher number of peaks when compared to single component bilayers. Also,
the raft simulations display further characteristics due to the simultaneous
presence of SM and CHOL. Rather than conducting a detailed analysis of
all peaks and their origins, we concentrate in the next sections on a more
general discussion about possible biological implications and effects on mem-
brane proteins.
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5.7 Effects on Membrane Proteins

The possible effects of the above presented results on membrane proteins
are manyfold. The idea that general physical and elastic properties of the
membrane could regulate the partition and activity of membrane proteins
has been discussed for example in relation with unsaturated lipids [Ollila
et al., 2007], lipid rafts [Simons and Tkonen, 1997] and the mechanism of
general anaesthesia [Cantor, 1997, 1998; van den Brink-van der Laan et al.,
2004]. However, for some proteins such as the cytochrome bc; complex
[Palsdottir and Hunte, 2004], specific lipid-protein interactions have been
proposed to be important, and indeed, different lipids have varying binding
affinities for certain proteins [Powl et al., 2005]. However, a complete picture
is probably a combination of the two effects, the specific interactions and the
effects from the overall membrane environment. Here, we review the effects
related to the latter.

First, the thickness of membranes may be relevant due to the effect of hy-
drophobic matching [Jensen and Mouritsen, 2004; McIntosh and Simon,
2006]. A good example is the transmembrane protein OmpA, whose free
energy of unfolding was reported to change by about 5kgT /nm when the
hydrophobic thickness of the surrounding saturated PC-membrane was var-
ied [Hong and Tamm, 2004]. Using this value as a simplistic estimate for the
effect of hydrophobic thickness, one gets a difference of about 4 kg7 in the
free energy of unfolding when this particular protein would be transferred
from non-raft to raft membrane.

The role of membrane elasticity for protein functionality is emphasised by
recent experimental studies, which show that it costs much more energy to
deform a membrane by changing its area per lipid than by bending or chain
tilting [Kuzmin et al., 2005]. It has been suggested that the free energy to
create a protein shaped cavity in a bilayer is proportional to the area com-
pressibility modulus K4 [Zhelev, 1998] and evidence exists that the binding
free energy of certain amphipathic peptides indeed depends linearly on K4
[Allende and McIntosh, 2003]. Within this picture, as our data suggests a
5- to 14-fold difference in the values of K4 between raft and non-raft mem-
branes, this practically means a cost in free energy of about 4 to 8 kgT" when
a membrane protein (Melittin) is transferred from non-raft to raft environ-

ment [Allende and McIntosh, 2003].

Another interesting idea relates the bending rigidity of the membrane to
the diffusion rates of membrane proteins [Brown, 2003]. The point here is
that the cytoskeleton hinders the diffusion of membrane bound proteins,
for example in organisms such as fibroblasts, nerve cells, and red blood
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cells [Sako and Kusumi, 1995; Winkler et al., 1999; Lin and Brown, 2004].
Brown et al. propose that thermal undulations of the membrane would allow
the proteins to escape the confined areas more easily [Brown, 2003]. This
relates the undulation amplitudes and the bending rigidity of the membrane
directly to the large-scale diffusion coefficient of the membrane proteins. For
lipid raft systems with lateral heterogeneity, the slower diffusion within the
rafts leads to anomalous diffusion [Nicolau et al., 2007]. The increase of
bending rigidity due to the raft domains would impose an additional effect
on diffusion, through the interactions with the cytoskeleton.

E— 1)
Figure 5.6: Schematic illus-
g < tration of the two conforma-
§ g tions of the membrane pro-
tein MscLL embedded in a
[ lipid bilayer.
CLOSED OPEN

To estimate the effect of pressure profile on membrane proteins one can fol-
low the approach introduced by Cantor [Cantor, 1999] and later also used by
Gullingsrud et. al [Gullingsrud and Schulten, 2004]. The idea is to calculate
the work AW done against the lateral pressure profile when altering the
shape of the membrane cavity occupied by the protein as it changes confor-
mation from the closed to an open state. Assuming that the cross-sectional
area of the protein changes by AA, the work can be written as:

AW = /dz Q(2)AA(2). (5.9)

As a simple model we use the ion channel MscL, whose conformation
changes anisotropically between cylindrical (open) and cone (closed) shapes
[Sukharev et al., 2001], see Figure 5.6 for schematic illustration. Both con-
formations can roughly be described by the cross sectional area of a trun-
cated cone A(z) = m(R + sz)?. For the cylindrical case, we have s = 0 and
R = 2.5nm, and for the closed shape we use the slope of s = 0.2 and the
origin z = 0 with A(0) = mR?. The values for s and R are fitted to the ex-
perimental structure of MscL, and are identical to those used by Gullingsrud
et al. [Gullingsrud and Schulten, 2004]. Using this simple scheme, we get
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the work against the lateral pressure profile in opening the channel:

AW = Wopen — Weiosed = T / dzQ(2) [R + s2)%, (5.10)

which relates a positive value of AW to a lowered open state energy (in-
creased probability) relative to the closed state. Here, one should note
that AW depends on the second moment of the lateral pressure profile
[Gullingsrud and Schulten, 2004] and that it is susceptible to small changes
of lateral pressure in particular far from the bilayer centre. In our approach,
we calculate the error-bars for AW by considering the two monolayers in
each system separately.

The integration over the lateral pressure profiles in Figure [5.5 results in
AW = (11 £ 2)kgT and (4 £ 1)kgT for the two raft systems, Sy and Sp in
respective order. These are significantly higher than the values found for the
pure POPC bilayer (1.9+0.2)kgT, the pure PSM bilayer (1.0+0.6)kgT", or
the binary DPPC-CHOL bilayer (1.0+£0.4)kgT. The numbers above suggest
that the equilibrium probability of MscL to be in open state is significantly
altered by the pressure profile and is higher in the raft environment than in
the different non-raft environments. As the free energy difference between
the open and closed states of MscL. has been estimated to be about 20—50
kpT [Sukharev et al., 1999; Gullingsrud and Schulten, 2004], the pressure
profile contributes a significant fraction of this total free energy difference.



CHAPTER 6

Summary

The complexity of biological membranes and the large variety of involved
length and timescales calls for the utilisation of different kind of research
approaches, involving atom-scale simulations. This study has concentrated
on molecular dynamics simulations of lipid bilayers comprised of either one
of the following components or a mixture of them: PC, SM and sterols.

The results for single-component SM bilayers showed that the intra- and in-
termolecular hydrogen bonding leads to significant differences in the bilayer
properties when compared with PC. For example, packing of the lipids and
the ordering of the acyl chains of the lipids is more pronounced in the SM
bilayers. Also, the higher degree of saturation and the long nature of the
acyl chains in SM were found to alter the structure and dynamics of the
bilayers. In particular, the longer chains of SM were found to interdigitate
through the bilayer centre, irrespective of the unsaturation level.

The molecular interactions of CHOL with PC and SM lipids were charac-
terised in detail. A difference in the nature of SM-CHOL interaction was
observed when compared with the PC-CHOL interaction. However, no di-
rect hydrogen bonding was found between SM and CHOL, but the differ-
ence was shown to be related to the interactions between CHOL and water.
Additionally, it was shown that CHOL has a better capacity to order the
neighbouring acyl chains than any other studied sterol.

The raft-like membranes were shown to be much more rigid, ordered and
packed than the non-raft like membranes, and also characterised by slower
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dynamics of the lipids. The different properties of the membrane environ-
ments were suggested to have significant implications for membrane pro-
teins, in particular through differences in the lateral pressure profiles of the
membrane. As many cellular processes involve membrane proteins, more
detailed knowledge of the interactions between proteins and the membrane
environment is called for.

Ideas for further studies arising from the results of this work are manyfold.
First, simulations of single component bilayers should be continued to fur-
ther understand the characteristics of different lipid species, and to develop
ways to better combine simulations with experiments. Also, work on multi-
component systems should be continued as well in order to give more insights
into the molecular interactions between different lipid species. In particular,
this would help in developing new coarse grained models for the different
lipid species, which in turn would allow for studies of many slow processes
such as phase transition, domain formation, and lipid flip-flop.

Another aspect for the future is to develop new methods and to study ex-
tended systems. For example, non-equilibrium studies could be used to
provide insight into the possible biological relevance of the chain interdigi-
tation observed for SM. Also, it would be interesting to develop new setups
that more realistically describe real biological membranes. For example,
simulations on asymmetric bilayers, or bilayers involving glycolipids are rare
but doable. Finally, the task of simulating full transmembrane proteins in
different lipid environments would provide more solid proof on the features
of lipid-protein interactions suggested in this thesis. The task is difficult,
but possible in the near future.
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