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Abstract

Molecular Simulations of the Effect of Cholesterol on Membrane-Mediated

Protein-Protein Interactions.
by

Frédérick Jean-Marie de Meyer
Doctor of Philosophy in Chemical Engineering

University of California, Berkeley

Professor Berend Smit, Chair

In this work we use molecular simulations to investigate how cholesterol affects
membrane-mediated protein-protein interactions. We consider a typical hydrated
biological model membrane containing saturated phospholipids (for example, dimyris-
toylphosphatidylcholine or DMPC), cholesterol, and trans-membrane proteins. We
introduce a model in which the different molecules are coarse-grained, retaining their
hydrophobic and hydrophilic properties together with their main structure and flexi-
bility. The system is studied using a hybrid Monte-Carlo dissipative particle dynamics
method.

First we study lipid-mediated protein-protein interactions in a pure hydrated sat-
urated phospholipid bilayer. The potential of mean force between the proteins show
that hydrophobic forces drive long-range lipid-mediated protein-protein interactions
and that the nature of these interactions depends on the length of the protein hy-
drophobic segment, on the three-dimensional structure of the protein and on the
properties of the lipid bilayer. The concept of hydrophilic shielding is introduced to
gain insight into the nature of the computed potentials of mean force.

To study the effect of cholesterol on the properties of a membrane, we extend
our model to cholesterol. Structural and mechanical properties of the hydrated bi-
layer containing a saturated lipid and cholesterol are studied at various temperatures
and cholesterol concentrations. The properties studied are the area per lipid, con-
densation, bilayer thickness, tail order parameters, bending modulus, and area com-
pressibility. The model quantitatively reproduces most of the experimental effects
of cholesterol on these properties and reproduces the main features of the experi-
mental temperature-composition phase diagram. Based on the changes in structural
properties a temperature-composition structure diagram is proposed, which is com-
pared with the experimental phase and structure diagrams. The lateral organization



of cholesterol in the bilayer is also discussed. In a second part, modifications of
the cholesterol model are made to allow a better understanding of the cholesterol
condensation effect. This condensation effect is further discussed in relation to the
DMPC-cholesterol phase behavior.

Finally, the effect of cholesterol on lipid-mediated protein-protein interactions is
investigated. This is done in accordance with the results concerning the effect of
cholesterol on the phase behavior of lipid bilayers. The calculations of the potential
of mean force between proteins and protein clusters show that the addition of choles-
terol gradually reduces repulsive lipid-mediated interactions between certain proteins.
At a given cholesterol concentration, the interactions even become attractive. Hence,
cholesterol significantly promotes protein aggregation. The role of protein-induced
dynamical cholesterol-enriched and cholesterol-depleted shells in these effects is dis-
cussed in detail.

Professor Berend Smit )
Dissertation Committee Chair
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Chapter 1

Introduction

1.1 Biological and Model Membranes

All known living organisms are made of cells, which are the smallest units of
life classified as living. FEukaryotic cells contain membrane-bound compartments,
or organelles, the most important of which is the nucleus. Not only are the different
organelles surrounded by membranes, but the cell itself is also enclosed by a membrane
called the plasma or the cell membrane. The biological membranes act as a selective
permeable structure and thus regulate the in- and outflow of molecules in the cell or
in the different compartments. The cell membrane anchors the cytoskeleton which
provides the shape of the cell. It is also involved in cell adhesion, in endo- and
exocytosis, in signaling, in maintaining a membrane potential, etc.

Biological membranes have a very diverse and complex composition. They mainly
contain a wide variety of lipids and proteins. The lipids most often form a lipid
bilayer. Different classes of membranes span a wide gamut of lipid variety, with
each class containing many derivatives. Membrane proteins, involved in a variety of
cellular processes such as cell adhesion, ion channel conductance, signal transduction,
cytoskeleton contact and cell signaling, make up to 50 mass% of the cell membrane (1).

One of the main challenges of biological membrane research is to relate the func-
tioning of the membrane to its structure and dynamics. For this purpose, and because
biological membranes are too complex, simple model membranes are often studied,
both experimentally and with molecular simulations, as a first approach (see Fig. 1.1).
Those model membranes are typically lipid bilayers consisting of one to three types of
lipids, eventually containing a real or synthesized transmembrane protein (see Fig. 1.1
a, d).

Two of the most common lipid classes are phospholipids and sterol lipids. A
major derivative of phospholipids is phosphatidylcholine. A common example of
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Figure 1.1: (a) cartoon of a model membrane (Encyclopedia Britannica). (b) trans-
mission electron microscopy image of a lipid bilayer vesicle. The dark lines are the
head groups of the lipids. (c) coarse-grained model of a lipid bilayer containing two
peptides. The hydrophilic lipid and protein groups are depicted in brown and yellow,
respectively, while the hydrophobic lipid and protein segments are colored green and
blue, respectively. Water is not shown. (d) atomistic representation of gramicidin,
a small membrane protein. The ribbon is added to accentuate the helical structure.
The structure was derived from solid-state NMR (2).

phosphatidylcholine is shown in Fig. 1.2; dimyristoylphosphatidylcholine (DMPC).
Cholesterol, the most common sterol, is also presented.

DMPC contains a choline, which is a quaternary saturated amine, to which a
phosphatidic acid is attached. This phosphatidic acid consists of an electron-rich
phosphate group, a glycerol backbone and two esters containing each a myristoyl
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Figure 1.2: Structure of cholesterol and DMPC

tail of 14 carbon atoms. The phosphatidylcholine group is called the headgroup
of the lipid, and is zwitterionic, with a positively charged amine and a negatively
charged phosphatidic acid. The headgroup is hydrophilic, while the two tails are
hydrophobic. Cholesterol consists of a relatively stiff hydrophobic tetrameric ring, to
which a hydrophilic hydroxyl group is attached and a hydrophobic iso-octyl chain.

Lipids are thus amphiphilic molecules, as they contain a part which is hydrophobic
and another part which is hydrophilic. Due to their amphiphilic nature, phospho-
lipids spontaneously form a more complex structure when exposed to water in order
to minimize the contact between water and the hydrophobic parts. The formation
of, for example, lipid bilayers, is a manifestation of the hydrophobic effect. The hy-
drophobic effect is the experimentally-observed tendency for water and non-polar and
uncharged (hydrophobic) molecules to segregate as a result of the low solubility of
the latter in water (3-6). The discovery of the bilayer structure dates back to the
1920s (7). It was not before 1963 that it was experimentally observed that a dis-
persion of phospholipids and cholesterol in water spontaneously forms a bilayer to
minimize the contact between the hydrophobic parts and water (8). Cholesterol does
not form a bilayer on its own, but it precipitates. Today, this self-assembly property
is relied upon to obtain model lipid bilayers for experimental use.

One of the challenges of modern biophysics is to obtain reliable experimental data
of the bilayer properties. This is not straightforward because the bilayer is a only a



few nanometers thin (to see a membrane one needs a transmission electron microscope
(see Fig. 1.1 b)) and extremely fragile. Chapter 2 delves into how estimates of several
bilayer properties are obtained using different, often indirect, experimental methods.

Proteins (or polypeptides) are macromolecules as they are a sequence of amino
acids (see Fig. 1.1 d). The amino acids in a polymer are joined together by the peptide
bonds between the carboxyl and amino groups of adjacent amino acid residues. There
exist 20 standard amino acids. The amino acids span a wide range of hydrophobicity
and, as a result, some segments of the protein are hydrophobic while other segments
are hydrophilic. The hydrophobic effect, among others, thus also plays a crucial role
in the organization of a protein.

The insertion of a protein in a membrane is mostly done with the help of a translo-
con and, to a lesser extent, spontaneously. Both experiments and thermodynamic
considerations lead to the conclusion that an increasing side chain hydrophobicity
of a membrane protein drives the equilibrium towards a bilayer insertion (9). Once
inserted, the proteins fold and associate in a certain topology. The driving force
behind the first step of the protein folding, i.e. from an unfolded protein towards a
more compact, sometimes helical, molten globule, consists in the hydrophobic effect.
Although the translocon plays an important role in determining the protein topol-
ogy, it is observed that the length of the protein hydrophobic segment could partly
determine the topology and hence the function of the membrane protein (3, 9, 10).

1.2 Membrane-Mediated Protein-Protein Interac-
tions

In Fig. 1.3, a simplified representation of a model membrane is shown. An impor-
tant property we will frequently invoke in this work is hydrophobic mismatch (11),
defined as the difference, d, between the length of the hydrophobic region of the pro-
tein, hp, and the bilayer hydrophobic thickness, hy. If d = hp — h;, = 0 one says that
the protein matches the bilayer. If hp > hy the protein has a positive hydrophobic
mismatch with respect to the bilayer, while hp < hy implies a negative mismatch.

Most membrane proteins have one or more hydrophobic segments that span the
bilayer in an a-helical conformation. The interactions between these transmembrane
helices, which determine the structure of multispanning membrane proteins and might
result in the assembly of membrane proteins into oligomeric structures, are a ma-
jor field of study. Membrane proteins like G-protein-coupled receptors (GPCR) are
a primary drug target and currently the drugs are developed assuming that these
transmembrane proteins are monomeric (12, 13). A more fundamental insight into
protein-protein interactions and into protein oligomerization will certainly contribute
to a more optimal drug development. Factors identified to affect the protein-protein
interactions include surface complementarity, the presence of hydrophilic residues in
the transmembrane region and certain specific motifs (sequences of residues). These
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Figure 1.3: Simplified representation of a model membrane containing two transmem-
brane proteins. hy and hp are the hydrophobic thickness of the lipid bilayer and the
length of the protein hydrophobic segment, respectively.

factors are related to direct interactions between the proteins. However, in an in-
creasing number of experiments it appears that interactions between the helices and
the surrounding lipids also play a role in the organization of transmembrane proteins.
Hydrophobic mismatch, for example, is a property that is known to affect helix-helix
association (11). This factor is related to indirect, or lipid-mediated, interactions
between the proteins. It is likely that several factors act in concert resulting in the
effective interaction between proteins. Contrary to molecular simulations, in experi-
ments it is difficult to distinguish between the different factors and to quantify their
respective contributions.

WO — e

d = hp— h; < 0: negative hydrophobic mismatch Lipid-mediated protein aggregation

Figure 1.4: Lipid-mediated protein-protein aggregation induced by negative hy-
drophobic mismatch.

In Fig. 1.4 an example of lipid-mediated protein-protein aggregation induced by
negative hydrophobic mismatch is shown. Let us consider two proteins in a membrane.
The proteins have a hydrophobic segment that is smaller than the hydrophobic thick-
ness of the bilayer. As a result of this negative hydrophobic mismatch, the membrane
surrounding the proteins is perturbed. This perturbation might be lowered if the
proteins form a dimer. If this is the case, the proteins spontaneously aggregate. This
aggregation is not the result of a direct attractive interaction between the proteins,
but is indirect or lipid-mediated.



The presence of lipid-mediated protein-protein interactions results from the lipid-
protein interactions (14-18). Experimentally, it was observed that lipid-protein in-
teractions affect the protein configuration (and thus protein activity) but also, and
this should be stressed, the properties of the bilayer itself (11, 19-30). Therefore, one
speaks of a collective behavior of all components: lipids, proteins, and water.

To experimentally study the indirect protein-protein interactions, transmembrane
proteins have been designed without specific helix-helix recognition motifs, without
hydrophilic residues in the transmembrane region and showing no surface comple-
mentarity. Another reason why membrane proteins have been synthesized is because,
although an estimated 30 to 40 % of all proteins are membrane proteins, only 1% of
the proteins of which the structure is known are membrane proteins. This is because
X-ray crystallography, the usual method to study protein structure, is more difficult
to apply to a protein embedded in the membrane. Today one often unravels the
structure of a membrane protein with solid-state NMR.

In experimental studies, an increase in FRET (Fluorescence Resonance Energy
Transfer) efficiency (see Chapter 2) for synthetic proteins with hydrophobic mis-
match with respect to the FRET efficiency for synthetic proteins matching the same
bilayer has been measured (31), suggesting an increase in attractive protein-protein
interactions. The experiments do not tell us, however, where the increase in FRET
efficiency comes from. For example, do the proteins form one cluster or do they form
different small oligomers?

Instead of modifying the hydrophobic length of synthetic peptides, one can also
insert real proteins in lipid bilayers with varying tail length in order to study the
effect of hydrophobic mismatch on protein aggregation. From FRET experiments
it has again been concluded that hydrophobic mismatch induces (lipid-mediated)
protein-protein aggregation (32-35).

Other experimental techniques are applied to study lipid-mediated protein-protein
interactions. For example, a two-dimensional model of a membrane has been fitted
to the structure factor of oriented bilayers containing proteins, obtained with X-
ray diffraction. In this model, the proteins are modeled as interacting hard disks
confined in the plane. Only pairwise (two-body) interactions are considered. From
the fitting the parameters of the protein-protein interaction potential are obtained.
For example, between alamecithin pores, which have a positive mismatch in a DMPC
bilayer (this was concluded from the tilt from ?H NMR experiments), a lipid-mediated
soft repulsive interaction of 2.5kgT was found (36, 37). A similar conclusion was
obtained for gramicidin pores (38, 39).

With AFM it has been shown that gramicidin A clusters in saturated lipid bilayers
under negative mismatch conditions (40). Recently, high-speed AFM has been used
to provide a measure of the membrane-mediated protein-protein interaction potential
between two large proteins with positive mismatch (41). An unresolved challenge is
the bad sampling of rare configurations, and thus a very poor estimate of protein
aggregation barriers. The same issues occur in molecular simulations where they can,



however, be addressed with appropriate simulation techniques.

In a freeze fracture experiment bacteriorhodopsin was observed to remain dis-
persed except under very large mismatch conditions (42). For a review on the mem-
brane proteins which appear to be regulated by changes in lipid bilayer thickness we
refer to (43).

Understanding indirect protein-protein interactions has thus been studied in differ-
ent experiments. The experimental observations can be explained with lipid-mediated
interactions, but do not unambiguously show the existence of lipid-mediated interac-
tions. In this work we will use molecular simulations to study lipid-mediated protein-
protein interactions.

1.3 Effect of Cholesterol on Membrane-Mediated
Protein Interactions

Cholesterol is an essential component of the membranes in eukaryotic cells. The
cholesterol to lipid ratio typically ranges from 0.1 to 0.6 in the various membranes
found in the cell. The exact role of cholesterol in a membrane is still under investiga-
tion. Cholesterol has been observed to condense the membrane and hence has been
considered important to regulate the permeability of the membrane (44).

A wide range of independent experiments also indicate that cholesterol is inti-
mately related to the oligomerization of transmembrane proteins in both model and
real biological membranes (31, 33, 45-50). These protein clusters are often enriched
in cholesterol and a prerequisite for other important biological processes to occur. For
example, SNARE protein clusters are indispensable for exocytosis. In the absence of
cholesterol the SNARE proteins are dispersed in much smaller clusters and no exo-
cytosis takes place (46). On the other hand, similar cholesterol effects are intimately
related to various diseases (51).

Several theoretical mechanisms have been proposed to explain the formation of
cholesterol-enriched protein clusters in the presence of cholesterol. Experiments on
model lipid bilayers have shown that cholesterol regulates the membrane properties.
For example, the addition of cholesterol might increase the bilayer hydrophobic thick-
ness and the bending modulus. A mechanism often mentioned in the literature invokes
this property of cholesterol: a change in bilayer hydrophobic thickness might result in
hydrophobic mismatch between proteins and bilayer and lead to membrane-mediated
protein aggregation. This mechanism is shown in Fig. 1.5.

However, recent experiments show that cholesterol does not regulate the hydropho-
bic thickness of real biological membranes (19) while the effect of cholesterol on the
clustering of transmembrane proteins has been observed in both model and real bi-
ological membranes. Questions related to the exact role of cholesterol thus remain
unanswered.
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Figure 1.5: Simplified representation of the effect of cholesterol on a model membrane
containing two proteins. Ay and hp are the hydrophobic thickness of the lipid bilayer
and the length of the protein hydrophobic segment, respectively. Cholesterol increases
the bilayer hydrophobic thickness as a result of which the proteins have a negative
hydrophobic mismatch. This leads to a lipid-mediated protein aggregation.

1.4 Overview of this Work

In this work we develop a coarse-grained model of a hydrated DMPC-cholesterol
bilayer in which proteins are embedded and use this model to investigate wether the
organization of membrane proteins in cholesterol-enriched clusters might be under-
stood from indirect protein-lipid and protein-protein interactions, i.e., from the point
of view of a collective behavior of all the membrane components. The basic question
is the following: can the presence of a second component like cholesterol modify the
nature of membrane-mediated protein interactions? For example, could it be that
membrane-mediated protein interactions are repulsive in the absence of cholesterol,
but become attractive in the presence of cholesterol? To answer this question we
proceed in three steps. First we quantitatively study lipid-mediated protein interac-
tions in a hydrated saturated phospholipid bilayer. Secondly, we study the effects of
cholesterol on the properties of this bilayer. Finally, we study the effect of cholesterol
on lipid-mediated protein interactions.

In Chapter 2, the coarse-grained model (see Fig. 1.1 ¢) and the hybrid dissipa-
tive particle dynamics-Monte Carlo simulation method are described in detail. Also
covered are the model potentials and parameters, the relation between simulation
and physical units and the details of the simulations. We close this chapter with an
overview of the experimental and simulation techniques used to obtain the relevant
bilayer properties.

In Chapter 3, the model and simulation method is used to calculate the potential
of mean force between transmembrane proteins. These calculations show that hy-



drophobic forces might drive long-range lipid-mediated protein-protein interactions
and that the nature of these interactions depends on the length of the protein hy-
drophobic segment, on the three-dimensional structure of the protein and on the
properties of the lipid bilayer. The concept of hydrophilic shielding is introduced to
gain insight into the nature of the computed potentials of mean force. Within this
concept, the observed protein interactions are interpreted as resulting from the dy-
namic reorganization of the system to maintain an optimal hydrophilic shielding of
the protein and lipid hydrophobic parts, within the constraint of the flexibility of the
components.

This chapter has been published in: F. de Meyer, M. Venturoli, B. Smit, Molec-
ular simulations of lipid-mediated protein-protein interactions, in Biophys. J., Vol.
95, Pages 1851-1865 (2008). Part of the work presented in this chapter has served
as a basis for the discussion on the calculation of potential of mean forces between
membrane proteins (see: F. de Meyer, B. Smit, Comment on Cluster formation of
transmembrane proteins due to hydrophobic mismatching, in Phys. Rev. Lett. Vol.
102 (2009)) and on many-body interactions to describe protein-protein interactions
in a 2-D model (see: M. Yiannourakou, L. Marsella, F. de Meyer, B. Smit, Towards
an understanding of membrane-mediated protein-protein interactions, in Faraday Dis-
cuss. Vol. 144, Pages 359-367 (2010)).

In Chapter 4, the coarse-grained model of a hydrated lipid bilayer is extended
to cholesterol. Structural and mechanical properties of the hydrated bilayer con-
taining a saturated lipid and cholesterol are studied at various temperatures and
cholesterol concentrations. The properties studied are the area per lipid, conden-
sation, bilayer thickness, tail order parameters, bending modulus, and area com-
pressibility. The model quantitatively reproduces most of the experimental effects
of cholesterol on these properties and reproduces the main features of the experi-
mental temperature-composition phase diagram. Based on the changes in structural
properties a temperature-composition structure diagram is proposed, which is com-
pared with the experimental phase and structure diagrams. The lateral organization
of cholesterol in the bilayer is also discussed. In a second part, modifications of
the cholesterol model are made to allow a better understanding of the cholesterol
condensation effect. This condensation effect is further discussed in relation to the
DMPC-cholesterol phase behavior.

The simulation of the DMPC-cholesterol phase diagram has been published in: F.
de Meyer, A. Benjamini, J. Rodgers, Y. Mistelli, B. Smit Molecular simulation of the
DMPC-cholesterol phase diagram, in J. Phys. Chem. B, Vol. 114, Pages 10451-10461
(2010). The mechanism of the cholesterol condensation effect and its relation to the
DMPC-cholesterol phase diagram is summarized in the research paper: F. de Meyer,
B. Smit. Effect of cholesterol on the structure of a phospholipid bilayer, in Proc. Natl.
Aca. Sci. USA. Vol. 106, Pages 3654-3658 (2009).

In Chapter 5, the effect of cholesterol on lipid-mediated protein-protein interac-
tions described in Chapter 3 is investigated. This is done in accordance with the re-
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sults obtained in Chapter 4 concerning the effect of cholesterol on the phase behavior
of lipid bilayers. The calculations of the potential of mean force between proteins and
protein clusters show that the addition of cholesterol gradually reduces repulsive lipid-
mediated interactions between certain proteins. At a given cholesterol concentration,
the interactions even become attractive. Hence, cholesterol significantly promotes
protein aggregation. The role of protein-induced dynamical cholesterol-enriched and
cholesterol-depleted shells in these effects is discussed in detail.

This part has been published in: F. de Meyer, J. Rodgers, T. Willems, B. Smit
Molecular simulation of the effect of cholesterol on lipid-mediated protein-protein in-
teractions, in Biophys. J., Vol. 99 (2010).

In Chapter 6 we briefly bundle the main conclusions of this work and discuss
interesting perspectives.
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Chapter 2

Mesoscopic Model, Simulation
Method and Simulation and
Experimental Techniques

In this chapter we introduce the mesoscopic model that we use to represent a
membrane. We describe the hybrid Monte Carlo (MC) - Dissipative Particle Dynam-
ics (DPD) simulation technique that we have applied to study the mesoscopic model
membrane. We finally close this chapter with a detailed overview of the experimental
and simulation techniques used to obtain the relevant bilayer properties.

2.1 Motivation for a Coarse-Grained Model

Over the last three decades, several research groups have developed all-atom sim-
ulation packages to study lipid bilayers with proteins (52, 53). The main aim of these
studies on lipid and protein models is to deepen our understanding of the experimen-
tal bilayers and to access information on the systems that is very difficult to obtain
from experiements.

In these models all atoms of the lipid and water molecules are considered. Water
molecules are explicitly represented. A critical component has been the development
of a reliable force field or potential energy function (53). Over the years the force
fields have been continuously improved using quantum mechanical calculations and
comparisons with experimental data.

The following intramolecular interactions are considered: harmonic bond poten-
tials to model chemical bonds, harmonic bending potentials for the angles between
two consecutive bonds, and a torsion potential modeling the torsion of a chain seg-
ment of four atoms. The intra-molecular interactions are: van der Waals interactions,
modeled by Lennard-Jones potentials and the electrostatic Coulomb interactions.

On the current computers, one can typically perform a simulation of a bilayer
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containing between 100 and 200 lipids for 200 ns within a reasonable simulation time
(several months). There are still serious doubts whether this is enough to just equi-
librate the bilayer. Although the size of this bilayer is probably sufficient to study
structural properties of the bilayer (at least for a bilayer in the liquid phase), it is cer-
tainly too small to study bilayer mechanical properties (bending modulus, etc.). For
example, to calculate the bending modulus, one needs long simulations to fully sample
the bilayer undulation modes and sufficiently large membrane patches to observe the
membrane thermal undulations. Properties related to phase transitions and phase
behavior require simulations of many points in state space and are therefore unacces-
sible with all-atom simulations today. Almost all simulations have been performed at
a specific temperature in the liquid phase, some in the gel and ripple phase (54-57).
For similar reasons, quantitative atomistic simulations of bilayers containing more
than two small proteins have not been reported (58).

The force fields of the simplest and most studied lipid bilayers are still continuously
optimized. The force fields have long been validated by comparison of highly non
accurate experimental values like the area per lipid. Recently, a new strategy has
been proposed: a direct comparison with the most accurate part of the experimental
data (data for which the least assumptions and fitting to models have been made).
For example, the form factor of the simulated bilayer has been directly compared to
the experimental form factor obtained from X-ray diffraction (37, 59). Additionally,
the simulations have been used to interpret the form factor. Similar comparisons have
been made with NMR experiments (53, 60).

To allow for simulations of the cooperative behavior between lipids, water and
peptides at longer time and length scales within a reasonable simulation time, coarse-
grained models have been developed (61). Groups of atoms are lumped into beads
which interact via effective potentials. Water may or may not be coarse-grained. One
can apply classical molecular dynamics simulations on a coarse-grained model, or
more sophisticated simulation methods like dissipative particle dynamics. The same
formulas to calculate bilayer properties apply as for all-atom simulations.

The main difference between the different course-grained models of lipids is the
force field for the interactions. One can distinguish three different approaches:

A first approach is called the reverse Monte Carlo method (62). After empirically
selecting an appropriate functional form for the effective interaction potentials, the
force fields are fitted such that the radial distribution functions obtained from coarse-
grained simulations resemble those obtained from all-atom simulations. The radial
distribution function, g(r), describes how the density of a group varies as a function
of the distance of one particular group. The major disadvantage of this approach is
that the potentials are not transferable to other systems.

A second approach is the force matching scheme (63-66). In the conventional force
matching method, the classical forces F? of a preselected analytical form, which are
dependent on a set of parameters, are optimized by minimizing the average over the
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2
whole configuration data functional,‘erf —F? ) , where F7/ is the reference force

supplied by atomistic simulations. The basic idea is thus that the forces acting on
a bead in the coarse-grained model should be similar to the force obtained from the
coarse-grained atomistic simulations. Again the potentials are not transferable to
other systems.

A third approach is to empirically use a selected functional form and to parametrize
it by fitting certain thermodynamic properties (61, 67, 68). This approach was the
first used for coarse-grained models of lipids and is followed in this work. It will be
worked out in detail below.

All approaches are based on the fitting of one or several particular properties, for
example, the radial distribution function, at one specific condition and, as a result,
those models often fail to predict many other properties. One should particularly be
careful with properties at different conditions.

Although the use of coarse-grained models to study collective phenomena at meso-
scopic length- and time-scales in lipid bilayers is barely a decade old, there have been
considerable achievements, which are reviewed in (61). Major results include the self-
assembly of micelles and bilayers (69), the reproduction of parts of the experimental
qualitative phase behavior of pure saturated lipids (70-73), of mixed saturated bilay-
ers (74) and of saturated lipids containing small alcohols (75), the simulation of water
pore formation in lipid bilayers (76), the study of structural properties of saturated
lipids as function of the tail length (69, 71, 75), and the study of vesicle fusion and
fission (77-79). Simple peptide models have been developed to investigate the col-
lective response of membrane and peptides to hydrophobic mismatch (80), to study
the effect of peptides on the lipid phase behavior (81), the spontaneous adsorption
of peptides into a membrane (82) and the qualitative self-assembly of a-helices (83).

2.2 Coarse-Grained Model of a Model Membrane

Within the mesoscopic approach, each molecule of the system is coarse-grained
by a set of beads. In this work we consider 4 types of beads (69):

1. A water-like bead, denoted as w, which models water.

2. An hydrophilic bead, denoted as h, which models a section of the hydrophilic
phospholipid and cholesterol headgroup and of the protein hydrophilic parts.

3. A first hydrophobic bead, denoted as t (sometimes t; ), which models the hy-
drophobic segments of the phospholipid hydrocarbon tail and of cholesterol.

4. A second hydrophobic bead, denoted as tp, which models a segment of the
hydrophobic part of the peptides.
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integral membrane proteins
phospholipid cholesterol

Figure 2.1: (left) Coarse-grained model of a phospholipid and cholesterol. Lipid hy-
drophilic head beads (type h) are depicted in dark blue, while the hydrophobic tail
beads (type t) are depicted in light blue. Cholesterol hydrophilic (type h) and hy-
drophobic (type t) beads are depicted in black and red, respectively. (right) Snapshot
of a model bilayer containing phospholipids and cholesterol and in which two proteins
are embedded. Water (type w) is not shown for clarity. The protein hydrophilic (type
h) and hydrophobic (type p) beads are depicted in yellow and orange, respectively.

A snapshot of the model is shown in Fig. 2.1. In our model, a water bead comprises
three water molecules. A lipid is constructed by connecting head- and tail-beads with
springs. The phospholipid lipid consists of a headgroup containing three hydrophilic
beads (one for the glycol, one for the phosphorous group and one for the choline
group) to which two tails of X hydrophobic beads (of type t, t;) are attached. A
hydrophobic tail bead comprises 3 to 4 —C' Hy— groups. In this work we will consider
lipid tails containing X=4 and 5 hydrophobic beads. We will often denote the lipids
hs3 (ts),. Cholesterol consists of a single hydrophilic bead, representing the hydroxyl
group, which, together with 5 hydrophobic beads forms a stiff ring, representing the
tetrameric ring, and to which a tail of two hydrophobic beads is attached, which
represents the iso-octyl tail. The cholesterol coarse-grained model is introduced in
more detail in Chapter 4. A transmembrane protein is modeled by linking together N,
amphiphatic chains into a cylindrical bundle. The V,, amphiphatic chains are linked
to the neighboring ones by springs, thus forming a relatively rigid object with no
appreciable internal flexibility. Each amphiphatic chain consists of n;, hydrophobic
beads tp, to the ends of which are attached three headgroup h beads. The distance
spanned by a bead is approximately equal to that spanned by a helix turn. By
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varying Np and ny, one can model proteins with different diameters and hydrophobic
thickness. In this work we consider peptides with Np=4, 7, and 43 and with ny,
ranging from 4 to 10.

In our model we use bonded and non-bonded interactions to describe the main
structure and flexibility of the molecules and the inter- and intra-molecular interac-
tions.

2.2.1 Bonded Interactions

The bonded interactions contain an elastic contribution

Fspring = _Kr (Tij - rcq) €ij, (21)

which describes the harmonic force used to tie two consecutive beads i and j in a
chain, and a bond-bending force

Fy=—-V (%Kg (6 — 90)2) : (2.2)

between consecutive bonds, to control the chain flexibility.

The parameters of the bonded interactions were obtained from all-atom molecu-
lar simulations (84). The criterium is that the probability distribution function of r;;
and 6 obtained from mesoscopic simulations should be reasonably similar to the cor-
responding probability distribution functions obtained from coarse-grained all-atom
molecular simulations.

The parameters for the elastic contribution to the interaction energy (Eq. 2.1)
have the values r.,=0.7 R, and K,=100 for the lipids, cholesterol and the proteins
and the parameters for the bond-bending force (Eq. 2.2) are Kp=6 and 6,=180° for
the angle formed by consecutive bonds in the lipid and cholesterol tails, Ky=3 and
0,=90° for the angle between the bonds connecting the last head-bead to the first
beads in the lipid tails and Ky=100 and 6,=180° for each consecutive pair of bonds
in the protein (80). Ky=100 and 6,=150° for the angles forming the stiff cholesterol
ring. The units of K, and Ky are Fy/R% and Fy/rad?, respectively, where Fj is the
reduced energy unit.

2.2.2 Non-Bonded, Soft-Repulsive Interactions

The non-bonded interactions between a bead of type i and a bead of type j is
assumed to be soft-repulsive:

c ) a;(1—rij/R)ey (rij < Re)
Fij = { 0 (rij > Re) (2:3)
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where R, is the cut-off diameter. The corresponding potential energy function (within
an additive constant) is then given by:

1 2
c §ainc (1 — Tij/Rc) (T’Z’j < RC)

In these equations, r;; = |r; —r;| and e;; = (r; —r;)/r;; is a unit vector pointing from
particle j to particle i. In our simulations R, is the unit of length, and has the value
1.

The effective interactions computed from coarse-grained atomistic simulation are
found to be soft-repulsive, in the sense that they do not contain the steep repul-
sive interaction of the Lennard-Jones potential used in all-atom simulations, but a
softer repulsive interaction (85). This can be understood, noting that atoms cannot
physically overlap, but that beads might overlap. As a result of this, one can use
much longer time steps in the integration method, and thus allow for a much faster
exploration of configuration space. DPD is estimated to be a 1000 times faster than
conventional molecular dynamics (86).

In the next section, we explain how the soft-repulsive parameters, a;;, are related
to experimental thermodynamical properties (86-90).

2.2.3 Soft-Repulsive Parameters a;;

Water: a,, According to Groot and Warren (87) we make a link between the
soft-repulsive parameters and experimental thermodynamic properties. Let us first
have a look at a liquid of a single component. The system contains N water molecules
in a volume V at temperature T. In our model, the parameter of the water model
Ay 18 fitted such that the fluctuations in the number density p = N/V at a given
temperature, are reproduced. The fluctuations in the number density, dp = p — (p),
are related to the compressibility of water, k7, which is defined as:

33,

<((5,0)2> = %pzk‘BT/ﬁ:T (2.6)

To solve Eq. 2.5, the equation of state should be known. There are two possible
ways to compute the pressure as function of the number density. The first possibility
is by using the Clausius’ virial theorem which states that if the scalar moment of
inertia of N particles about an origin has no acceleration (in other words, if the
particles hang together) the total kinetic energy of the system relates to the forces
acting on the particles:

Indeed:
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2Ekin = — »_ (Firy) (2.7)

7

This equation follows directly from d*I/dt* = 0, with I = >, m;r the scalar
moment of inertia of N particles about the origin. Indeed:

I d (p)
Let us note that F; = > ki F;; is defined as the total force acting on particle i.
Now, for a system of N particles, its kinetic energy is Ex;, = 3/2NkpT as defined
by the equipartition theorem. For an ideal gas of N particles (PV = NkgT') the only
forces are between particles and container wall and the virial theorem rewrites:

> (Fir;) = =3PV (2.9)

(2

For a real gas or liquid one needs to take the particle-particle interactions into
account as well. If pairwise interactions are assumed (F;; = F;;):

% i 3>

From this equation one obtains directly the pressure as function of the number density:

1

i >

A second possibility to calculate the pressure as a function of the number density
is by using the radial distribution function g(r). Take a particle at the center of N
particles. Consider an infinitesimal spherical shell of volume 4mr2§r, which contains
4mr?drpg(r) particles at a distance r from this particle. The total pressure is the
sum of the ideal gas pressure and the pressure due to the interactions between the
particles in the shell and the central particle:
1 N [ —
PV = NkgT + w2 4712 pg(r)r d:;(r)
The factor N/2 finds its origin from the fact that N particles could be in the
center, and that every interaction should be counted only once. This equation can be
rewritten as:

dr (2.12)

2

2 o .
P =FkgTp+ p37r / g(r)r*F(r)dr (2.13)
0
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The radial distribution function can be determined experimentally using X-ray
scattering techniques. This provides an important link between experiments and
simulations.

In dissipative particle dynamics, the force acting on a particle is F(r) = a(1 —r).
The cut-off diameter is » = 1. Thus, the pressure can be written as:

2

3

Via molecular simulations it can be shown that for densities p > 2 the factor
a=2 fol g(r)(1 —r)r3dr goes to a constant value of 0.101 4 0.001 (87). Thus, if for
a constant a-value, the bead density would increase by a factor n, the pressure would
adapt such that the radial distribution function (defined only between r = [0, 1])
would not change significantly.

Combining Eq. 2.14 and Eq. 2.5 gives:

9 1
P=kgTp+ T / g(ra(l —r)r’dr = kgTp + aap? (2.14)
0

1 2aap
— =1 2.15
p/{?BTFLT + k’BT ( )

Experimentally the dimensionless left part of Eq. 2.15 equals 16 for water at a
temperature of 300 K. From this and taking a«=0.101, we obtain ap/kgT = 75. In
our simulations p=3, and thus a,,, = 25kgT/R,.

Flory-Huggins Model for Polymer Solutions The other soft-repulsive inter-
action parameters are derived from the Flory-Huggins parameters (87). The Flory-
Huggins model for polymer solutions and its connection with experiments via the
Hildebrand solubility parameter is first worked out here. Thereafter, the link is made
with the soft-repulsive parameters.

The Flory-Huggins theory is a theory for the free-energy of mixing of polymer
solutions based on a statistical approach on a regular lattice. Working out the theory
would lead us too far. In short, let us consider a small molecule of type 1, which is
the solvent (in our case, water) and a macromolecule of type 2, which is the solute (in
our case, a lipid, which is not a macromolecule). Let the system consist of Ny solvent
molecules, each occupying a single site on the lattice, and Ny solute molecules, each
occupying n lattice sites. The total number of sites is N=N;+nN,. The free energy
of mixing can then be written as:

AGm = AHm - TASm = k;BTNqblgng -+ k)BT ($1ZH¢1 + ZL’QlTLng) (216)

where x1, Xo are the fractions of component 1 and 2, respectively, ¢; = Ny /N, ¢y =
nNy/N and x is the Flory-Huggins interaction parameter.

To understand the Flory-Huggins interaction parameter, consider the following
physical reorganization of solvent (1) and solute (2): (1,1)+(2,2) — 2(1,2). The
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change in interaction energy per (1,2) pair is then given by (if one takes only two-
body interactions into account) (89):

1

1 1
§Aw =z [211)12 — W11 — w22] = 5 [2\/ W11Wo2 — W11 — w22] =

5 (Vi = il

(2.17)
with w;; the interaction energy between i and j. The simplification (geometric mean
mixing rule) is most accurate when the interactions are soft (e.g., London dispersion
forces or dipole-dipole interactions), and breaks down for hydrogen bonding, and

certainly for strong specific interactions. The Flory-Huggins interaction parameter is
defined as:

N —

B lZAw
2 kgT

where 7 is the average number of neighbors. For y = 0, the mixing is athermal, for
X < 0, the mixing is exothermic and for y > 0, the mixing is endothermic. Because
the sign of the entropy of mixing is always negative, the sign of the free energy of
mixing, and thus the phase behavior of the binary mixture, strongly depends on the
value of y.

X (2.18)

Hildebrand Solubility Parameters For systems in which AH,, > 0 (no enthalpy-
driven mixing), it is common to express AH,, in terms of the cohesive energy density
or solubility parameter. The change in internal energy of vaporization of one molecule
(removing one molecule) of type i is:

1

Combining Eq. 2.19, Eq. 2.18 and Eq. 2.17 and rewriting everything on a per unit

volume basis gives:
1 112
AE,1\2 AE, 2\ 2
Vi Va

The Hildebrand solubility parameter of component i is defined as the square root of

the cohesive energy density:
AE. 2
8 = o 2.21
(‘Q) (221)

A%
- 2%kgT

X (2.20)

and thus Eq. 2.20 can be rewritten as:

A%
- 2%kgT

X 61 — &) (2.22)
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This important equation relates the theoretical Flory-Huggins interaction param-
eter to the tabulated Hildebrand parameters of the interacting components. This
equation, together with the Flory-Huggins expression of the free energy of mixing,
allows thus to make predictions concerning the miscibility of two components, based
on their respective solubilities. For example, components having a similar solubility
parameter will likely be miscible, while components having very different solubility
parameters, are likely to segregate. Solubility parameters of solvents can be obtained
from their heat of vaporization, while the parameters of solutes can be obtained in-
directly.

Link between Flory-Huggins Model and DPD Model with Soft-Repulsive
Interactions There are several similarities between the DPD model and the Flory-
Huggins model. In the DPD model all beads have the same volume and in the
Flory-Huggins model all lattice sites have the same dimensions. Both systems are
rather incompressible. The most interesting similarity is the expression for the free
energy of mixing. This is worked out below.

For incompressible fluids one can neglect the ideal gas part in the equation of

state. The virial part of the equation of state for a one component system is, from
Eq. 2.14:

Pvirial - aa/)Q (223)

Similarly, one can derive an equation of state for a two component system (90).
The virial part of the pressure is now:

Pyivial = [Oénanéf?% + agoa9s (1 — ¢1)2 + 21201201 (1 — ¢1)} p? (2.24)

where ¢, is the volume fraction of bead-type one, p the average number density
of the beads and axy = %ﬁfol gxy(r)(1 — r)r®dr. If now one assumes that all o
values go to the same constant value (this assumption holds if both components are
miscible (89, 90)), one can simplify Eq. 2.24 to:

Piviat = [a1107 + age (1 — $1)° + 2a12¢1 (1 — ¢1)] ap? (2.25)

From Eq. 2.25 one can calculate the virial Helmholtz free energy F (we are in an
NVT ensemble) using the relation P = (—=0F/9V),, ; and keeping in mind that p is
a function of V:

Foivial (N, 1) = [au(ﬁ + ags (1 — ¢1)2 + 2a12¢1 (1 — </51)] apN (2.26)

The virial contribution of the free energy of mixing is given by:

AFm,vim’al = Fvirial (Na ¢1) - Fvim’al (le 1) - Fvirial (N27 0) (227)
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which, using Eq. 3.3, becomes,

a1 + aga

AFm,vim’al = QNOKP |:a12 - 9

1 D102 (2.28)

Comparison with the virial part of the Flory-Huggins free energy of mixing (Eq. 2.16)
gives:

(2.29)

Now, in a two component mixture with a Flory-Huggins parameter leading to
segregation in equilibrium (let us note that the assumption in Eq. 2.25 is not valid
then), the mechanical equilibrium at the interface requires that the pressure in each
species, given by Eq. 2.14, must be equal, and thus that a;; = ags (p1 = p2 is imposed).
This relation can easily be extended to multicomponent systems. Therefore:

2
kT
Combining Eq. 2.30 and Eq. 2.22 gives a direct relation between the soft-repulsive

interaction parameter between beads of different types and the tabulated Hildebrand
solubilities:

X ap ara — a] (2.30)

Z%ead

[0 — 52]2 (2.31)

a2 = al +

Values of soft-repulsive Parameters Let us now apply the above derived rela-
tions to our coarse-grained model. We derived a,,, = 25kgT/R.. We showed that
Aww = Ay = app. Now we need to calculate the cross terms: a,p, au: and ay,.

Let us consider for the lipid head group only the glycerol, which has a solubility
dgiye=21.1 (cal/cm®)Y/2 at a temperature of 300 K. Water has a solubility of 0,,,=23.4
(cal/cm?)/2. Glycerol and water have very similar solubility parameters and are thus
expected to be miscible. Applying formula 2.31 with p=3, Z=4, a=0.1, Vjeaq=90A%
and converting to the right units gives a,p=a,,+1.6 kgT/R..

Let us consider polyethylene for the tail, the solubility of which is 8.2 (cal/cm?)'/2.
This gives a,p=a,,+69.3 kgT/R,, and a;,=ayu+50 kgT/R,.

The soft-repulsive parameters (in kgT/R,.) are summarized in the following table:

[ ‘ w h t
w | 25 26.6 94.3
h 1266 25 75
t 1943 75 25

The lipid head group is zwitterionic, and as a result there will be an extra repulsive
interaction between two head groups. A second consequence of this is an even more
favorable water-headgroup interaction. To account for these effects, we modified the
parameters. We also put ay;=a,;=80 to simplify the parameter set.
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The resulting soft-repulsive parameters (in kzT/R.), which are used in our simu-

lations, are summarized in the following table:
Q5 ‘ w h t
w |25 15 80
h |15 35 80
t [ 80 80 25

For the protein and cholesterol hydrophilic parts, we use, as a first approach, the
same bead-type as for the lipid hydrophilic part. For the cholesterol hydrophobic
part we use the same bead-type as for the lipid tails. For the hydrophobic part of
the proteins, we introduce a new bead type, which is strongly hydrophobic, to ensure
that the protein remains in the lipid bilayer. All the soft-repulsive parameters (in
kgT/R.), which are used in our simulations, are summarized in the following table:

;5 w h t L t P
w | 25 15 80 120
h | 15 35 80 80
tp | 80 80 25 25
tp | 120 80 25 25

The parameters of this model have been derived at a temperature of 300 K. One
should derive them for different temperatures if one wants to simulate this system at
other temperatures. However, in this work, as a first approach, we kept the parameters
constant as function of the temperature. One thus expects the simulations to be most
accurate around room temperature.

This model has been validated in many ways. First of all, we could simulate the
self-assembly of the lipids into a lipid bilayer (91). Secondly, the lipid model correctly
predicts the experimental phase behavior of a saturated phosphatidylcholine bilayer
as a function of temperature (71, 92, 93). Third, this model correctly reproduced
the experimentally observed response of bilayer and protein in case of hydrophobic
mismatch (80). The validation of the coarse-grained model of hydrated phospholipid-
cholesterol is the subject of Chapter 4.

2.3 Dissipative Particle Dynamics

2.3.1 Dissipative Particle Dynamics

To simulate coarse-grained models efficiently, dissipative particle dynamics (DPD)
has been introduced by Hoogerbrugge and Koelman (94). DPD can be seen as an
improved method with respect to Brownian dynamics. The statistical mechanics of
DPD have been worked out by Espaniol and Warren (95).

In DPD, the total force balance on a given particle i is written in the form:
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mi% => Fi+> FO+)) Fl (2.32)
i#] 1#] i#]
with Fg a conservative force deriving from a potential exerted on particle i by particle
Js Fg is a dissipative force and Ff; is a random force. It is important to note that
pair additivity has been assumed. The conservative and the dissipative force satisfy
certain requirements:

1. Gallilean invariance, which states that Newton’s second law should be applicable
in every reference, requires that both forces Fg» and Fi? depend only on relative
distances and velocities, namely the combinations r;; = r;—r; and u;; = u;—u,.

2. Isotropy, which implies that the forces should transform under rotations as
vectors, or, in other words, that the magnitude of the forces should not change
when the particles are rotated.

3. The dissipative forces are linear on the momentum and the random forces are
independent of the momentum (just as in classical Langevin dynamics).

Points 1 and 2 should be seen as an improvement over Lattice-Gas and Lattice-
Boltzmann dynamics where spurious dynamics were introduced due to the absence
of isotropy and Gallilean invariance.

A simple form of the forces that satisfy these hypotheses is:

FZ = —ywp(e;;uy;)e;; (2.33)
Fﬁ = owRr(ij€ij (2.34)
In these equations, wp and wg are both a function of r;; = |r; — r;| solely, and

e;; = (r; —r;)/r;; is a unit vector pointing from particle j to particle i. The term (;;
is a Gaussian white noise term with the following stochastic properties:

(G (1)) =0 (2.35)
(Gij (8)Girr (1)) = (8iar0jgr + Gijr0jur )0 (t — 1) (2.36)

The latter equation is basically saying that at every fixed time, the only correlation
is (;; = (j; and that in all other cases (;; and (y; are completely uncorrelated. wp
and wg provide the range of interaction for the dissipative and the random forces.
and o are interpreted as the friction coefficient and the amplitude of the noise. The
total force balance on a given particle is thus:

8u¢
mior = ; Fj + ; —ywp(eijui;)e; + ; OwRGij€ij (2.37)
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Without the dissipative and the random force the system would evolve from a
given initial condition towards a dynamical equilibrium, as in classical MD in a mi-
crocanonical ensemble. Because the molecules were lumped into beads, the dissipation
of energy during the collisions between beads should be specifically accounted for.

The physical interpretation of the dissipative force is as follows. If (e;;u;;) > 0, it
means that particle ¢ is moving apart from particle j, and, therefore, it feels a viscous
force towards j. If it moves towards j, the viscous (dissipative) force is in the opposite
direction.

To include the continuous thermal fluctuations that keep the system dynamic the
random force was added in the force balance. The result is conventional Langevin
dynamics. However, the difference between conventional Langevin dynamics and
DPD is that in Langevin dynamics only the number of particles is conserved, and,
therefore, the only macroscopic behavior will be diffusive. In Langevin dynamics the
total momentum is not conserved, or, in other words, the Navier-Stokes equation
does not hold, and thus the macrosopic behavior is not hydrodynamic. In DPD,
however, the total momentum is conserved (d(32~  myw;)/dt = d(XN, p;)/dt = 0),
and, therefore, the macroscopic behavior is both diffusive and hydrodynamic.

Total momentum is automatically conserved if Newton’s third law (action=reaction)
is satisfied. The following aspects of DPD conserve the total momentum:

1. The conservative forces are pairwise additive and symmetric (F{; = F)). This
is a simplification if many-body interactions are important.

2. The dissipative and the conservative forces are pairwise additive and symmetric
(F) =FL,F =F, because (;; = (j;)

DPD can be seen as a simulation method to solve the conservation of mass equa-
tion coupled to the conservation of momentum equation at constant temperature.
For an incompressible (constant density), isotropic, single phase fluid these equations
are:

YVu =0 (2.38)

po; =-VP+ > F; (2.39)
Let us note that in this equation Y F; is the sum of the external forces acting on the
fluid, like e.g. gravitation or external stress.

Contrary to momentum and mass, total energy is not conserved in DPD. In DPD,
as in classical Langevin dynamics, the dissipative and the random forces act as a
thermostat. Simulations of a constant number of particles using DPD are thus always
in an NXT ensemble, with X=P or X=V.
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2.3.2 Fluctuation Dissipation Theorem

Let us first consider some basic aspects of stochastic methods before applying them
to DPD. Let us consider a stochastic process described by the following equation,
called Tto stochastic differential equation:

dx(t) = A(x,t)dt + \/B(x,t)dW(t) (2.40)
with dW (t) = (dt, an increment of the Wiener process. Consider now a distribution
function f(x,t), which is related to the probability of finding the system in a state x at
time ¢. The time evolution of this distribution, df(x,t)/0t, given that at a time ¢’ the
system was in state x’ (which is an N-dimensional vector) is given by the differential
Chapman-Kolmogorov equation, which, in case jump probabilities are zero, reduces
to the Fokker-Planck equation, which describes a purely diffusive process:

N

IEEIDY &fa% xOf(x )] (241)

=1 j=1

afxt f:

One can show that the stochastic process described by a conditional probability
satisfying the Fokker-Planck equation is equivalent, but complementary, to the Ito
stochastic differential equation.

Let us again consider the DPD system. The DPD Langevin equations can be
written in the form of stochastic differential equations:

dr; = Pl at (2.42)
m;
Z F Sdt + Z —ywp(e;;u;;)e;;dt + Z owre;;( dt (2.43)
JF#i JF#i jF#i

which can be rewritten as two Ito stochastic differential equations:

dr; = 2Ldt + 0dw (2.44)
my;
Z F¢ + Z —ywp(eu;j)e;; | dt + Z owge;;dW; ; (2.45)
J#1 J# j#i

Let us now consider the distribution function p(r,p,t), which is related to the
probability of finding the system in a state where the particles have positions r and
momenta p, at any particular time ¢. The time evolution of this distribution, dp/dt,
given that at a time ¢’ the system was in state (r’,p’) is given by the differential
Chapman-Kolmogorov equation, which, in case jump probabilities are zero, reduces
to the Fokker-Planck equation, which describes a purely diffusive process:
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Let us note that the term 6;,0;,+ 0,05 originates from the definition of the stochas-
tic noise. The last term can be simplified towards:
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The Fokker-Planck equation has the form:

at = L%+ P (2.47)

where £¢ and LP'f are the Liouville evolution operators of the Hamiltonian system
interacting with conservative forces, and of the dissipative and the random noise
forces, respectively. The Liouville operators are defined as:

c=-Tlla-slEnla en

i LiAj

PR = Z 8?)- [Z YWp ewuw €
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i k#i
(2.49)
The operator £ is the usual Liouville operator of a Hamiltonian system interact-
ing with conservative forces. The £ operator takes into account the effects of the
dissipative and the random forces. Consider now the case for which the equilibrium
distribution p°?, which is the steady state solution dp/0t=0, is the Gibbs canonical
ensemble. In the Gibbs canonical ensemble the probability to find the system in a
given microstate is given by the Boltzmann distribution:

(e o) = — exp [~ H(r, p) /ksT] = — eXp (2.50)

Z

( sz +V(r )/kBT
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where H is the Hamiltonian of the system, V is the potential related to the con-
servative forces and Z is the partition function. The canonical ensemble is always the
equilibrium solution for the conservative system, i.e., £Zp® = 0. To have the canon-
ical ensemble as equilibrium solution for the entire system, £p® + LPEped = (),
LPFpe4 = 0 should be zero. This requirement is satisfied if:

wr = WL (2.51)

= \/2kT~ (2.52)

Indeed, inserting these relations in the dissipative and random Liouville operator
gives, after rearranging:

0 0
LPRp(r p,t) = ’waZZ ap; { e;u;j)e;; + kgTe;je;; (8p %)} p°(r, p,t)
i ]#'L 1 1 J

(2.53)
Because:

aiz peq(r’ | oF t) = _6uipeq(r7 b, t) (254)

The above equation reduces to:

L2 (e, ) = r0m 30 3 - (euy)en + eyes (s~ w)] e pi)  (255)
i j#

which reduces to zero because u; — u; = —uy;.

The recovery of the Gibbs canonical ensemble as equilibrium solution of the DPD
system implies that all thermodynamic properties can be calculated using only the
conservative forces.

Let us note that the condition o = \/2kgTy is the same condition in Brownian
dynamics. Brownian motion is the motion of a macroscopically small, but microscop-
ically large particle that is subject only to collisional forces exerted by the molecules
of a surrounding fluid. Conservative forces are absent. Newton’s second law equation
on the particle gives:

du

"

The physical interpretation is that the particle is subject to two kinds of forces:

a steady dissipative drag force and a zero-mean temporally uncorrelated fluctuating
force. On can show that in order to satisfy the equipartition of energy condition

mu® = kgT, o0 = \/2vkpT.

= —yu+ o (2.56)
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This requirement is the so-called dissipation-fluctuation theorem, which implies
that dissipation and fluctuation are not independent, but intimately related.

2.3.3 Integration Method

To advance the set of positions and velocities, a modified (because the force de-
pends on the velocities) version of the velocity-Verlet algorithm is used (96).

r; (t+ At) =1; (t) + Atv, (t) + % (A1) £; (1) (2.57)
i (t+ AL) = vi () + AALE (1) (2.58)

£ (t + At) = £ (r (t + A1), ¥ (t + A1) (2.59)

vi (t+ At) = v; (£) + %At (£ () + £ (£ + At)) (2.60)

A detailed discussion on the order of this algorithm and on other integration algo-
rithms used for dissipative particle dynamics can be found elsewhere (87). Recently
a complex integration scheme for DPD using the stochastic Trotter formula has been

derived (97).

2.3.4 Dissipative and Random Forces and Integration Pa-
rameters

We impose that the dissipative and the random forces have the same functional
dependence on the interparticle distance. Therefore the the function wg has the
following form:

1—ri/Re)e; (riyy < R
Wgr = { é /Be) ETU ; Rc; (2.61)

and, as explained in Sec. 2.3.2, wp = w#.

The parameters of the integration method and of the dissipative and the random
forces are intimately related (87). The timestep size has to be chosen as a compromise
between fast simulations and the amount of artificial temperature increase one is
willing to allow. In our simulations we put A=0.65. The integration timestep is
At=0.03. The value of ¢ is 3, the value of 7 is related to o via the dissipation
fluctuation theorem (see Sec. 2.3.2).
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2.4 Hybrid DPD-MC Simulation Method

Because unconstrained lipid bilayers are essentially in a tensionless state (98), we
reproduced this condition by simulating the system in the NV~T" or in the NP, T
ensemble; where v is the surface tension of the lipid bilayer.

We simulate in the NP, yT ensemble via a hybrid Monte Carlo (MC) and dissi-
pative particle dynamics (DPD) approach (69, 99, 100). Each cycle of the simulation
consists of one of the following possible moves: (1) a DPD trajectory of 1 to 50
steps which applies a thermostat to the dynamics, (2) a constant surface tension MC
move, and (3) a constant normal pressure MC move. These moves are chosen with a
likelihood of 60% - 20% - 20%. Simulations in the NV~T ensemble are similar, but
contain only move (1) and (2), chosen with a likelihood of 60% - 40%.

The Monte Carlo moves are carried out in order to allow relevant degrees of
freedom to relax during simulations as temperature varies. These relevant degrees
of freedom include the density of the box and the surface area of the lipid bilayer.
As such, in the following discussions, the particle positions are described via the
scaled coordinates s where any position r of a particle may be obtained via r =
(LySs, Lysy, L,s,) and the z-direction is chosen to be perpendicular to the lipid bilayer
surface.

Surface area is allowed to vary via the constant surface tension MC move because
lipid bilayer areas are known to vary with the temperature and the phase of the
bilayer. The constant surface tension MC move alters the lateral surface area of the
lipid bilayer while maintaining a constant volume in order to do no work against
external pressure (75). The moves are executed in order to sample from the following
partition function, expressing particle positions in terms of reduced positions s:

VN o1
Drvr = i [, e [ AL L

X /de(s (Lm — LyVL) /dsN exp (—BE(s™; Ly)). (2.62)

A random step in the box length L, is chosen and L, is changed identically while L, is
changed in order to maintain a constant volume. The surface tension ~ is set to zero.
A detailed description on the computation of the surface tension in coarse-grained
lipid bilayers can be found in (69).

We also maintain a constant pressure applied normal to the lipid bilayer via an
additional MC move. Application of the constant normal pressure allows for varying
degrees of lipid head group hydration from the water molecules while maintaining
a well-defined bulk water reservoir. In reduced units, P, = 22.5, the pressure of
bulk water (see Sec. 2.5). Constant pressure moves were chosen to sample from the
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partition function:

ZNPJ_AT = WVO/O dV Ve PPL /de5 (Lx — Z)
X /dsNexp (=BE(s™; Ly)) . (2.63)

A random step in the box volume V is chosen and then solely the simulation box
length L, is varied. This approach ensures that no work is done relative to the
surface tension during the constant pressure simulation moves. For a transformation
from V, to V,,, the acceptance probability is defined as

v\
acc(V, — V,) = min [1, (V) exp (—0p LAV — BAE)| . (2.64)
In this acceptance probability, the volume ratio is raised to the total number of
molecules (not individual beads) because during the constant pressure moves all rel-
ative intramolecular coordinates are held constant.

2.5 Reduced Simulation Units and Simulation Pa-
rameters

Usually, within the DPD approach, one uses reduced units for the length, mass,
energy, time, pressure, and temperature (87).

Length The cut-off diameter R, is the simulation unit for the distance. In our
simulations R.=1. To relate this distance with a physical distance, we use the coarse-
grained model of water. If N, is the number of water molecules per water bead, v,
the volume of a water molecule, then R.* = v,,N,,p. For N,,=3, V=30A3, p=3 beads
per R3, we obtain R,=6.46A.

Mass The unit of mass is the mass of one bead, thus my.,;,=1. It is assumed that
all beads have the same mass.

Time The DPD simulation method loses track of the physical unit of time because

of the coarse-graining (86). The time is introduced in the integration method via

the dimensionless time step of the integration At. One could, however, match the

simulated self-diffusion coefficient of water with the physical self-diffusion coefficient:
— NwauZ:Zerbeang

T = e (2.65)

watermolecule
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where 7 is the physical time corresponding to At=1. The value for 7 is around 5ps.
The total physical simulation time is then given by: number of DPD steps x A t x
7. One could also use the self-diffusion of a lipid as reference, which gives a slightly
different value for 7 (69). Due to the coarse-graining the beads interact via soft-
repulsive potentials. The absence of the strong repulsive interactions (Lennard-Jones
potentials) used to model interactions between atoms leads to a significant increase
of the simulated time. The diffusion of the particles is typically increased by a factor
of 1000 (86).

Energy, temperature, and pressure In our simulations we use a reduced unit of
energy, Eg. The reduced temperature and pressure are T* and P*. kgT* is expressed
in units of Ey. Typical simulation values for kgT* range from 0.1 to 1.0.

One can estimate the values of the reduced temperature, T*, in terms of a physical
temperature, T, by assuming a linear relation between both:

T=al*+b (2.66)

The values of the coefficients a and b can be found by the system of linear equations
obtained by substituting in this relation the reduced and physical values of the main-
and pre-transition temperatures of the bilayer.

One can calculate the values of the pressure in reduced units using the model
equation of state derived for water given in Eq. 2.14, rewritten in reduced units:

P* = kpT*p + atpup? (2.67)

As for a liquid the virial part is much bigger than the ideal gas contribution, one finds
that P* = 0.1x25x9 = 22.5. This is the pressure we impose if we perform calculations
at constant water bulk pressure.

Surface tension There are strong reasons to believe that an unconstrained flat
lipid bilayer is in a tensionless state (98, 101). Therefore we simulate the bilayer at a
constant surface tension y=0.

2.6 Experimental Characterization of Model Lipid
Bilayers

One of the challenges of modern biophysics is to obtain reliable experimental
data of the bilayer properties. This is not straightforward because the bilayer is
a only a few nanometers thin and extremely fragile. In this dissertation we often
refer to experimental data. This section delves into how estimates of several bilayer
properties are obtained using different, often indirect, methods. This is a vast research
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area and we will limit ourselves to the most current methods and to the bilayers of
interest for this work, namely, bilayers containing saturated (e.g., DMPC, DPPC)
and unsaturated (e.g., DOPC) phospholipids and cholesterol. The main purpose is
to give a general overview of these methods, and to make clear that the extraction of
experimental data is often complicated and based on several assumptions. One of the
purposes of molecular simulations is to check the assumptions and to refine the models
used to extract experimental data. Here we will expatiate on thermal properties
(phase behavior), structural, mechanical and dynamical properties and the lateral
organization (phase separation) of a bilayer. Other important bilayer properties, for
example: hydration (102), permeability (103), lateral pressure profile (69), partial
molecular volumes of lipids and cholesterol (104), thermal expansion and contraction
parameters (105) etc, are not delved into.

2.6.1 Thermal Studies

One of the most widely used methods to measure the order or melting transitions
of lipid membranes is differential scanning calorimetry. A calorimeter records the
heat capacity of a sample by measuring the heat uptake upon temperature increase.
A calorimeter consists of a sample cell containing the lipid membrane and the solvent,
and of a reference cell containing the solvent, which is mostly water. Both cells are
heated in such a way that the rate of the temperature increase is constant, typically
around 0.1-1 Ks™!, and that both cells are always in thermal equilibrium. The heat
absorbed by both the sample cell and the reference cell is measured as a function of
the temperature. In a melting transition, the sample cell absorbs more heat which
is compensated by an increase in heat transfer () that keeps the temperature rate
in the sample cell constant and equal to the reference cell. As a result, the heat
transfer versus temperature curve will show a sharp increase around the lipid melting
transition. If this process takes place at constant temperature, the heat capacity is

defined as:
B dQ B dH
Cy(T) = <_dT)P = (_dT)P (2.68)

Thus, by differentiating the Q(T) curves one obtains C7°/(T) and C5*™(T), in
JK~1, for the reference cell and the sample cell, respectively. Cy¢™(T) shows a peak
at the phase transition. C7*/(T') is called the baseline. The deviation of C5*™(T') from
the baseline can be measured directly as a function of temperature. Making several
assumptions it is possible to obtain the molar heat capacity of the lipid bilayer ci)’m(T)
(in JK~'mol™1) from C5*™(T) — Cre/(T') (106-109).

For some lipids like DOPC the phase transitions take place below the melting
temperature of water, which freezes during the DSC experiment (110). In many
experiments anti-freeze molecules are added.
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The main advantage of differential scanning calorimetry over other experimental
techniques to study phase transitions, like spectroscopy, is that important thermody-
namic parameters related to the phase transition can directly be extracted from the
experiment. For example, the surface under the peak of the lipid heat capacity profile
is related to the membrane molar melting free energy, as it is defined (if reversibility
is assumed) :

T+AT Tm+ATs !
I _ 1 I l _ Cp,m(T)dT
AG,, =AH, —TAS, = cp,m(T) T 7 (2.69)
Ty — ATy Ty — ATy

The melting temperature 7), is usually determined as the temperature at which
ch »(T) has a maximum. However, this implies a symmetric ¢, (T) curve around
T,., which is generally not true. ATj is mostly different from AT,. It would be
more correct to define T, as the temperature where the excess enthalpy is 50% of
the total melting enthalpy. AT; and AT, are chosen with help of the baseline. If
Cs#™(T) and C;/(T') are superimposed on each other, then AT} is the temperature
where the C5™(T) curve starts deviating from the C;¢/(T) curve, and AT} is the
temperature where the C>*"(T') curve starts rejoining the baseline again, after hav-
ing been through a maximum. It is clear that incorrect baseline determinations and
a somewhat arbitrary choice of AT} and AT; are a significant source of error.

The narrower the temperature range over which c;m(T) shows a peak, the more
the phase transition is cooperative, or in other words, the more the lipids melt all
together, at the same temperature. If the transition width becomes infinitely small,
the transition becomes first-order.

For example, the heat capacity profiles of DMPC has a small peak around 15 °C,
attributed to the pre-transition from the gel phase to the ripple phase and a sharp
second peak around 24 °C, attributed to the main transition from the ripple phase
to the fluid phase (109, 111). The excess heat capacity of the first peak is lower
than 5 kJmol *K~!, while the excess heat capacity of the second peak is around 200
kJmol 'K~!. Remembering that the thermal energy unit is kg T=2.47 kJmol™!, one
immediately sees that it is very unlikely that the main phase transition can take place
due to thermal fluctuations.

For many systems, for example, for phospholipid-cholesterol mixtures, the peaks in
the heat capacity are not always narrow and sharp and, as a result, the interpretation
of those DSC experiments is still subject to much debate. For the experimental
data we refer the reader to (111-120). Not only model lipid bilayers, but also real
biological membranes (containing proteins) show a liquid-gel phase transition (121).
The experimental phase behavior of DMPC and cholesterol and of the binary mixtures
will be discussed in more detail in Chapter 4.
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2.6.2 Structural and Mechanical Properties

Diffraction For a long time, due to the presence of intrinsic fluctuations, the quan-
titative experimental uncertainty of bilayer structural parameters was too large to be
of interest for practical applications (122). Today diffraction measurements provide
the best estimates of structural properties. But, some quantities, like the area per
lipid, are still subject to errors of 10 %.

One of the main difficulties doing diffraction experiments on a lipid bilayer is that
the bilayer is not a crystal, not even when the bilayer is in the gel phase. This is mainly
because strong fluctuations occur due to the presence of water. Fully hydrated liquid
bilayers are generally assumed to best mimic physiologically relevant conditions.

However, the scattering patterns from the thermally fluctuating (undulating) bi-
layers contain diffuse scattering which can be successfully analyzed to obtain infor-
mation regarding bilayer structure and interactions.

Because of the absence of a the crystal structure one cannot determine the exact
position of every atom. The description of the position of the atoms in the lipid
is a broad statistical distribution function. As a result, properties like hydrophobic
thickness and bilayer thickness cannot be defined as a simple distance between two
atoms.

X-ray scattering experiments can be performed on unilamellar or multilamellar
vescicles, or, more recently, on oriented multilamellar samples. The most common
method for the fabrication of oriented samples containing approximately 2000 bilayers
is evaporation of the organic solvent from a concentrated membrane solution deposited
either on a flat or a cylindrical solid support (123). For binary or ternary mixtures
it is assumed that the composition of each individual bilayer fluctuates around the
average value.

During an X-ray scattering experiment the amount of x-rays scattered (i.e. the
intensity) from the bilayers can be measured. The scattering curves are continuous in
scattering vector q (¢, q,), with |q| = 47 /A sin(6/2), where X is the wavelength of the
X-ray and 0 is the scattering angle. The intensity is made up of scattering from the
bilayer itself (from factor), as well as scattering from the interbilayer contributions
(structure factor). In q space, ¢, (in A=) is in the plane of the bilayers and ¢, (in
A~1) is normal to the stack of bilayers.

The scattering intensity can be written as:

1o - SQIE )

where S (q) is the structure factor and F'(g,) is the form factor. The form factor
contains the information about the bilayer structure. The structure factor contains
the information about the bilayer material properties. f (g,) is the Lorentz correction
factor, a correction due to the random orientation of the bilayer.

I(q) is known from the experiment. S (q) can experimentally be obtained from

(2.70)



35

the ¢, dependence on the background subtracted diffuse scattering intensity. A theo-
retical expression for S (q), where S (q) is written as function of, among other param-
eters, the bending modulus k¢, can be derived from smectic liquid crystalline theory.
By fitting the theoretical expression to the experiment, one can extract k¢ (124, 125).
Extracting material properties from x-ray diffraction experiments is relatively new.
The traditional method to obtain k¢, area compressibility x4, surface tension v and
relative area per lipids was pipette aspiration of bilayer vesicles (126, 127).

The form factor |F (¢.)| (in ¢/A?) can now be calculated using Eq. 2.70, after
the intensity I (q) has been corrected for various effects (128). The form factor
is the Fourier transform of the electron density profile p(z), with z the coordinate
perpendicular to the bilayer plane:

D/2 2 D/2 2
Fa@l=| [ e -pes@d| +| [ (e -psin@d:| @
—D/2 —D/2

where D represents the average distance spanning a single bilayer plus half the water
space on each side of the bilayer (i.e. the unit cell periodicity or the lamellar repeat
distance) and p,, is the water density. For a symmetric bilayer the second part of
Eq. 2.71 is zero. From an inverse Fourier transform of the form factor one could
extract the electron density profile. But because the phasing is not known, one
cannot do this.

Two methods have been used. A first possibility is to obtain an estimate of the
phasing and to perform the inverse Fourier transformation to obtain the electron
density profile. The thickness of the bilayer, PtP (in A), is then readily obtained
as it is defined as the distance between the two peaks in the electron density profile
corresponding with the electron-rich phosphorous atoms. The area per lipid, Ay, (in
A?), is obtained using the formula Ay = 2V./(PtP — 10 A), where V, is the volume
of the lipid chains, obtained from independent volumetric experiments (104, 129),
and where the thickness of the hydrocarbon region is PtP minus twice the length of
the glycerol region, estimated to be close to 10 A (from the phosphate to the first
methylene of the hydrocarbon chains) (44).

A second possiblity is to make a model of the density distributions of the various
structural groups of the lipid(s) and of the water. For example, the choline group is
assumed to have a Gaussian distribution, with two fitting parameters. From this, and
using independent experimental estimates of the volumes of those groups (104, 129),
the total electron density distribution, and thus the form factor, can be calculated.
The parameters of the various distributions can be fitted in order to reproduce the
experimental form factor. The best fit also gives the density distribution functions
of the structural groups automatically. It should be noted that the form factor is
very sensitive to changes in bilayer structure, so the fit should be optimal. The area
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per lipid is one of the parameters to be fitted, as part of the constraint: 2D, =
2V./AL (130). For a membrane containing a single component the definition of the
area per lipid is somewhat straightforward. For membranes consisting of mixtures,
experimentalists recently introduced a partial-specific-area formalism (131).

The hydrophobic thickness of the bilayer is defined starting from the probabil-
ity distribution of all methylenes (the carbonyl carbon is thus not included). The
hydrophobic thickness, D, (in A) roughly corresponds to the distance between the
two outer inflection points of this curve. A more accurate definition makes use of a
dividing surface criterion (122).

Both methods give similar results for pure lipid bilayers, but for mixtures of DOPC
and cholesterol, for example, there are differences significant enough to make opposite
conclusions concerning DOPC-cholesterol interactions.

X-ray diffraction studies exist for DMPC bilayers (128, 130), DOPC bilayers (105,
132), DMPC-cholesterol bilayers (44, 133, 134), and DOPC-cholesterol bilayers (44,
133-135).

One can also perform the same experiment with neutrons instead of X-rays. Struc-
tural parameters obtained from x-ray or neutron scattering should ideally be the same.
However, this is not the case because of the various assumptions that are made, and
one of the main challenges of experimentalists is to close this gap. Similarly, there
are deviations between data obtained from low and wide angle X-ray diffraction. For
example, at 30 °C, the area obtained for a DOPC molecules is 67.4 A2 from neutron
scattering (132), 72 A? from low angle X-ray scattering (LAXS) and 74 A? from wide
angle X-ray scattering (WAXS) (134). This is a very important challenge because,
for example, force fields used in atomistic simulations are validated with the area per
lipid.

Recently, an analytical model has been developed to describe the relationship
between the chain orientational distribution function and wide angle x-ray scattering
data from oriented liquid phase membranes. This was used to obtain an average
orientational lipid tail order parameter Sx_,q, (136).

X-ray diffraction experiments are not constrained to structural and material prop-
erties. There have also been several approaches to determine properties of the bilayer
ripple phase, like the repeat distance, from diffraction (137, 138), or even to identify
new phases based on a different diffraction pattern (139). Previously, the ripple phase
was studied with freeze fracture experiments (140). As will be discussed in Sec. 2.6.4,
X-ray diffraction is also often used to prove the existence of phase coexistence or small
domains within the bilayer.

Nuclear Magnetic Resonance When magnetic nuclei, i.e., nuclei with a non-
zero magnetic moment p = S (7 is the gyromagnetic ration, S the spin quantum
number), are in a magnetic field, they might absorb energy from an electromagnetic
pulse (e.g., a radio frequency pulse) and radiate this energy back out. This effect is
called nuclear magnetic resonance. Resonant absorption by nuclear spins occurs only
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when the electromagnetic radiation of the correct frequency is being applied to match
the energy difference between the nuclear spin levels in a constant magnetic field of
the appropriate strength.

All nuclei of the same nuclide do not resonate at the same frequency. Moreover,
because of the electrons of surrounding atoms, perturbations occur of the NMR fre-
quency. The latter is called the shielding effect and allows to determine whether a
nucleus is in a specific chemical group. The shielding depends on the orientation of
the molecule with respect to the magnetic field. Thus, because of those properties,
NMR can be used to obtain chemical and structural information data in relation to
interatomic distances and nuclear orientation.

One can only apply NMR to identify nuclei with a non-zero magnetic moment, or,
in other words, with a non-zero spin. This is for example the case for H (S=1/2). In
lipid bilayers the hydrogens are often deuterated (replaced by D=2H, with spin S=1)
to avoid interactions from the hydrogens in water or to study one specific region
of the lipid. Deuterium exhibits an NMR absorption spectrum characteristic of a
quadrupolar nucleus of spin 1, which is distinct from the NMR spectrum of H.

Deuterium NMR is often used to obtain information about the ordering of lipid
tails. Typically, the absorption spectrum of a quadrupolar nucleus like D contains two
doublet lines. The frequency difference between these two doublet lines, Av (0), is,
for a homogeneously oriented bilayer, related to the orientation of the C-D bond (141,
142):

- 3QSC

4

where 6 is the orientation between the normal to the bilayer and the magnetic field,
@SC is the quadrupole splitting constant and the order parameter Scp is defined as:

Av ()

Sep (3cos* 6 — 1) (2.72)

Scp = % (3cos®y — 1) (2.73)

where 7 is the instantaneous angle between the C-D bond and the normal to the
bilayer. The () brackets denote an average orientation over time, to allow for rotations
around the bilayer normal and thus obtain an average over all the chain conformations.
A segmental order parameter, often called local molecular order parameter, S,,.,
defined as S,,,; = % (3cos? a — 1) can be calculated from Scp from the relation S, =
—1/2Sc¢p (142, 143). Here « is the angle between the segment direction and the
bilayer normal and the () brackets denote an average orientation over time. The
segment direction is normal to the plane defined by the two C-D bonds of a —C'Dy—
group of the lipid tail. .S, is thus a measure of the average orientation of the chain
segment to which the two deuterium atoms are attached.

A value of (Scp), where the () brackets denote an average over all the C-D bonds
of the lipid tail, can be directly obtained from a 2H NMR experiment where all the
acyl-chain protons have been replaced by deuterions, from the first moment M; of the
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H NMR spectrum with lineshape g(w — wp) (w is frequency, wy is Larmor or central
frequency) (141, 143, 144):

Jrfoo(w —wp) g (w— wp) dw
M, === — = Ay (2m) ((6v)) = Ay (27v,) (Sep) (2.74)
[ g (w—wp)dw

—0o0

where A; is a constant and ((dv)) is the average quadrupole splitting.

The order parameters of the lipid tails are intimately related to the thermodynamic
phase of the lipid. Bilayer phase transitions take place with structural changes that
often include a change in lipid tail order parameters, and thus of (Scp), ((0v)) or M;.
Thus, the different phases should have a distinct 2H NMR spectrum. Therefore, 2H
NMR is often applied to determine phase boundaries in phase diagrams (143-145).
As will be discussed in Sec. 2.6.3 and Sec. 2.6.4, NMR is also frequently used for
obtaining dynamical properties of lipids or to identify phase coexistence in bilayers.
Another relevant application of 2H NMR is the study of cholesterol orientation in a
bilayer (146).

2.6.3 Dynamical Properties

The two most frequently used experimental methods to determine lipid lateral
self-diffusion coefficients are FRAP (Fluorescence Recovery After Photobleaching)
and, more recently, pfg-NMR (pulsed field gradient NMR).

In FRAP all lipids are first labeled with a fluorescent tag. A small group of the
lipids are then photobleached (photochemical destruction of the fluorophore) with
a light pulse. As a result, the fluorescence intensity of the group of photobleached
lipids is zero. The fluorescing lipids (those that were not photobleached) diffuse
throughout the sample and replace the non-fluorescent probes in the bleached region
until eventually uniform fluorescence intensity is restored. One can demonstrate that
under certain assumptions the lipid lateral self-diffusion constant is proportionate to
R%*/1y /2, where R is the radius of the photobleached group of lipids and 7/, is the
time required for the bleach spot to recover half of its initial integrated intensity.

The pfg-NMR technique is comparatively more intricate. In short, during the
NMR experiment the magnetic field is not kept uniform in the bilayer, but pulses
continuously induce opposite magnetic field gradients. As a result, spins are con-
stantly dephased and rephased. The bilayer is oriented with respect to the magnetic
field such that the 3 cos? @ — 1 term in Eq. 2.72 is zero. When this is the case, the line
broadening disappears and the spin echo of the rephased transverse magnetization
can be precisely observed. Due to translational diffusion the spin echo is attenuated.
One can prove that the spin echo amplitude displays a mono-exponential decay with
respect to the self diffusion coefficient of the lipids (147, 148).
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The diffusion of DMPC, CHOL, and DOPC in single-component, binary and
ternary bilayers has been studied using FRAP, pfg-NMR, or both (149-153). When
the different experimental techniques are applied, they generally give similar results
within the same order of magnitude. From ?H NMR relaxation measurements one can
obtain axial rotational diffusion of lipids. As will be discussed in Sec. 2.6.4, diffusion
experiments are often used to identify phase coexistence in bilayers.

2.6.4 Lateral Organization

The lateral organization of lipid bilayers has received considerable attention and is
a debated topic in the scientific community. The interest for the lateral organization
of model lipid bilayers originates from the idea that if lipid bilayers spontaneously
organize in coexisting domains (or phases) with different compositions and properties,
these domains (phases) might attract specific proteins and interact in a specific way
with one another. Even if the relevance of this hypothesis to real biological membranes
is unproven, this model is palatable, and has yielded a whole range of experiments
to study/proof the lateral heterogeneity of model lipid bilayers, which often lead to
very different, sometimes opposite, conclusions (154-159). Apart from this, the issue
of lateral organization is important to determine phase diagrams correctly (160).

Two key points are to be considered: when comparing between different experi-
mental techniques one should consider the length and time scales at which they can
observe phase coexistence. Secondly, every lipid mixture is different.

Fluorescence-based methods like fluorescence microscopy have often been used
to study the lateral organization of binary DMPC-CHOL mixtures (161), DMPC
(DPPC)-DOPC mixtures (162) and in ternary mixtures of DPPC-DOPC and CHOL
(163-166). In binary mixtures of A and B, fluorescence intensities of a probe C, which
resembles B, showing sudden jumps as function of B concentration, has often been
interpreted as a sign of a regular distribution of B in A. This method has often been
applied to prove the existence of regular cholesterol distributions in DMPC-cholesterol
mixtures (167-169). Recently, experiments relying on fluorescence techniques started
being used to examine whether proteins would preferentially choose one phase if the
bilayer displays phase coexistence (170). The major disadvantage of fluorescence
methods is that the lipids need to be labeled with a fluorescent probe, while it has
been shown that, for example, the phase coexistence may occur as an artifact caused
by the probes. Therefore other methods have been explored.

When, for example, in a binary bilayer two phases X and Y occur, each at given
conditions, and when both phases have a H NMR spectrum that significantly differ
from one another, 2H NMR is often used to study phase coexistence of X and Y.
Therefore experimentalists check whether under certain conditions the NMR spec-
trum contains signatures of both the X and the Y spectrum. If this is the case,
they conclude that X coexists with Y. The phase boundaries are detemined by the
conditions for which the last tracks of X or Y are present in the NMR signal. Using
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this technique, many two-phase regions have been identified in the phase diagrams of
binary and ternary bilayers. However, and this is certainly true for binary mixtures,
many two-phase regions have not been confirmed with other techniques like diffrac-
tion. This is probably because this NMR-based methodology does not distinguish
between a phase coexistence and a gradual transition from one phase to another.
NMR has been applied on DMPC (DPPC)-CHOL systems (145, 171), DPPC-DOPC
systems (172) and DPPC-DOPC-CHOL systems (165, 173-175). The principle of
NMR spectrum superposition is also applied to draw the tie lines in the phase coex-
istence region (174). A similar method to detect phase separation is applied using
Raman spectroscopy where the lipid vibrational spectrum is detected, and the results
agree well with NMR (176)

When in a pfg NMR experiment the spin echo amplitude attenuation cannot be
fitted to a monoexponential decay as function of one diffusion coefficient, but requires
a fit to a biexponential decay as function of two diffusion coefficients, then it could
indicate that the lipid domain comprises two domains. This has been exploited to
study phase coexistence in ternary DPPC-DOPC-CHOL bilayers and to calculate the
diffusion coefficients of the lipids in both phases (153).

In the literature, three criteria are instrumental in determining the coexistence of
phases using X-ray: 1) the existence of two lamellar repeat spacings D in SAXS 2)
two chain-chain correlation spacings in WAXS and 3) possibility to deconvolute the
angular distribution of the scattering intensity, which is related to the orientational
order parameter of the tails, into scattering from two separate chain distributions.
Hence, X-ray diffraction detects phase coexistence of two phases (regions) with dif-
ferent thickness, different packing or different tail tilt, respectively. X-ray has been
applied to study phase coexistence in DMPC (DPPC)-CHOL (177, 178) and DPPC-
DOPC-CHOL systems (179). This technique was also used to detect cholesterol
clusters in biological membranes (180).

Another technique which has been applied to prove the existence and to extract the
size of cholesterol clusters in DMPC bilayers is FRET (181, 182), which is explained
in more detail in Sec. 2.6.5.

In the final analysis, it is crucial to note that the properties of lipid bilayers are very
different from the properties of lipid monolayers. For example, a phase coexistence
may exist in a binary lipid monolayer, but not in the corresponding bilayer.

2.6.5 Lipid-Mediated Protein-Protein Interactions

To study the indirect protein-protein interactions, transmembrane proteins have
been designed without specific helix-helix recognition motifs, without hydrophilic
residues in the transmembrane region and showing no surface complementarity. An-
other reason why membrane proteins have been synthesized is because, although an
estimated 30 to 40 % of all proteins are membrane proteins, only 1% of the known
proteins are membrane proteins. This is because X-ray crystallography, the usual
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method to study protein structure, cannot be applied to a membrane protein embed-
ded in the membrane. Today one can unravel the structure of a membrane protein
with solid-state NMR. Outside the membrane, the protein would have a very different
configuration. Without knowing the structure of the membrane proteins it is hard to
even find out whether a protein shows mismatch with respect to the bilayer.

As an example, the so-called WALP peptide with the following residue sequence
has been synthesized: AcetylGWW/(LA),LWWGC-NH;,. The acetyl and amide
group are hydrophilic, because they can be involved in hydrogen bonds, while the
amino acid residues are all hydrophobic. By varying n, one can vary the hydrophobic
length of the peptide. The peptides are synthesized by linking the amino acids in
the desired sequence via a condensation reaction (14, 26). Solutions of lipids and
peptides are mixed in the desired peptide/lipid ratio, hydrated after evaporation of
the solvents, and via the hydrophobic self-assembly process, multilamellar vesicles
containing the proteins are formed. Using FTIR (Fourier Transform Infrared Spec-
troscopy) one can check whether the proteins are effectively in the bilayer in an alpha
configuration. Via titration one can add a specific number of proteins to a membrane.
The synthetic peptides serve as a model for intrinsic membrane proteins.

A popular method to provide information about intra- (molecular structure) and
inter- (molecular complex) molecular distances is Fluorescence (or Forster) Resonance
Energy Transfer (FRET). During a FRET experiment, the radiation-less dipole-dipole
energy transfer between a donor and an acceptor fluorescent label is analyzed. The
proteins are thus first labelled with a donor and an acceptor fluorescent label. Natural
amino acid residues of proteins, such as tryptophan (W), can be utilized as fluorescent
label. Tryptophan is then used as donor. The advantage of this method is that it
doesn’t require an extra label which might significantly perturb the system. The
peptides also require, however, to be labeled with an acceptor, for example, pyrene.
Both acceptor and donor need to be dipoles. During a FRET experiment, the donor is
excited with light. Due to the dipole-dipole interaction, an energy transfer takes place
from the donor to the acceptor. The efficiency of this transfer, F/, can be calculated
from quantum theory and is extremely sensitive to the separation distance, R, between

the fluorophores:

1 TDA
s=1-— (2.75)

1+ () ™

where Ry is the Forster distance. R represents the strength of the dipole-dipole inter-
action as function of distance. The occurrence of the energy transfer manifests itself
through quenching of donor fluorescence and a reduction of the fluorescence lifetime,
accompanied also by an increase in acceptor fluorescence emission. By measuring
the donor fluorescence lifetime in the presence of an acceptor, Tpy, it is possible to
determine the distance separating donor and acceptor molecules. 7p is the donor
fluorescence lifetime in the absence of an acceptor.

In experimental studies, an increase in FRET efficiency for proteins with hy-
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drophobic mismatch with respect to the FRET efficiency for proteins matching the
bilayer has been measured (32), suggesting an increase in attractive protein-protein
interactions. The experiments do not tell us, however, where the increase in FRET
efficiency comes from. For example, do the proteins form one cluster or do they all
form small oligomers? Therefore, a simulation-based fitting method has been devel-
oped for the analysis of the protein association. In this model proteins are considered
cylinders. Parameters of this model include tilt and degree of clustering. By fitting
the parameters such that the experimental energy transfer as a function of the ratio
between labeled and unlabeled proteins is reproduced from the simulation, one can
obtain an estimate of the protein tilt and the degree of protein clustering (31, 183).

From FRET experiments it has been concluded that hydrophobic mismatch and/or
the addition of cholesterol induces (lipid-mediated) protein-protein aggregation (31—
35).

2.7 Simulation Methods to Calculate Membrane
Properties

In principle it should be possible to determine all experimental parameters de-
scribed in Sec. 2.6 from all-atom molecular simulations, and, to a lesser extend from
mesoscopic simulations, given the experimental conditions, like bilayer type and com-
position, hydration level, temperature, pressure, etc., are identical. Indeed, once the
bilayer is in equilibrium, the density distribution of every atom (or of every structural
group, bead, etc.) can be sampled from which important properties like bilayer thick-
ness (typical values are 25-50 A), hydrophobic thickness (typical values are 15-40 A),
etc., can directly be calculated. The lipid order parameters can be computed using
Eq. 2.73. The average area per lipid of a single-component bilayer (typically between
40 and 75 Az) is just the total average area divided by half the number of lipids
(provided no lipid flip-flop between bilayer leaflets has taken place).

From the average total area and the fluctuations in the total area one can compute
the area compressibility x4 (often given in dyn/cm with 1JA~2= 10*'dyn/cm), which
is a measure of the energy required to expand the bilayer by a given area, and is
intimately related to the permeability of the membrane (103):

with A; the total bilayer area and (§A?) the mean square of the fluctuations in the
total area. The molecular origin of this expansion energy comes from the unfavorable
contact between water and hydrophobic lipid parts. Typical values for a lipid bilayer
vesicle in the liquid phase range from 20 to 2000 dyn/cm, which corresponds to 0.5 to
5ksTA~? at physiological temperatures. This means that fluctuations in the thermal
energy, which are of the order of kgT, can easily expand the bilayers.
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The polymer brush model (127) relates the area compressibility to the bilayer
bending (or curvature) modulus, ¢ (in J), which is the energy required to deform
the bilayer from its intrinsic curvature to some other curvature:

ko = (1/24)k4 (PEP — 10 A)° (2.77)

In short, one can understand this relation by noting that to bend a bilayer one has to
stretch the outer part. Typical values of the bending modulus range between 5 and
30 1072° J (or 10 to 70 kpT) at physiological temperatures. Assuming the bilayer to
be a curved sheet, one can also extract the bending modulus and the surface tensions
from the Fourier transform of the bilayer height fluctuations:

kT
(keq* +v¢%)

(|hr () ]) = ) (2.78)

where hp (q) can be obtained from simulations by Fourier transforming h (n,,n,),
which is the bilayer height function calculated on a grid. The surface tension 7 (in
JA=?), is defined as the change in Gibbs free energy per surface area (the value for
an unconstrained bilayer is typically zero) :

oG
T <8_A) PTn (279)

Let us note that the surface tension, the area compressibility and the bilayer Gibbs
free energy are related via:

0y 0*G
a = A (_) A <_) (2.80)
t aA PTmn t aA2 PTn

The pressure tensor can be calculated (69) and from this the bilayer surface tension
can again be extracted, as it is defined as the integral of the difference between the
normal and the lateral component of the pressure tensor:

z2

5= / Py (=) — Py ()] d= (2.81)

where z; and z, are positions sufficiently far from the bilayer-water interface. Let
us indicate that molecular simulations give a direct access to properties which are
difficult to measure experimentally, for example, the lateral pressure profile P (z).

The lipid lateral self-diffusion coefficient, Dy, (in cm?s~! (values are typically of
the order 10® cm?s™! in the liquid phase), is computed with the Einstein formula
expressing that after a certain time, the mean square displacement grows linearly
with time:
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. 1 2
Dy = Jim — (jr (1) = x (0) ") (2.82)

where D is the dimensionality, which is two in the plane of the lipid bilayer, t the time,
r the vector position of the lipid and (|r (£) — r (0)|* > the mean square displacement
of a lipid.

Phase transitions can be quantified by simulating the heat capacity as function of
the temperature from fluctuations in the enthalpy:

C (T) — (@) _ <H2> — <H>2 _ <(5H)2> (2.83)
P ar ), RT? RT?

Phase coexistence can be readily observed or simulated using the so-called Gibbs-
ensemble method. Alternatively, one can calculate the chemical potential for a series
of phase points and determine the phase coexistence by finding the points in state
space where two phases have the same chemical potential, pressure and tempera-
ture (99).

When proteins are embedded into the bilayer one can observe, or quantify, (prefer-
ential) protein-lipid interactions. Lipid-mediated protein-protein interactions can also
directly be observed and quantified by analyzing the contributions to the potential of
mean force between proteins (184):

PMF (¢) = —kgT'In (P (€)) (2.84)

where £ is the distance between the two proteins and P () the probability to find
the proteins at a given distance. The potential of mean force is the reversible work
required to bring two proteins from infinity to a distance &.
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Chapter 3

Molecular Simulation Study of
Lipid-Mediated Protein-Protein
Interactions

Recent experimental results revealed that lipid-mediated interactions due to hy-
drophobic forces may be important in determining the protein topology after insertion
in the membrane, in regulating the protein activity, in protein aggregation and in sig-
nal transduction. In this chapter, we use a mesoscopic model of a lipid bilayer with
embedded proteins, which we study with dissipative particle dynamics, to gain insight
into the lipid-mediated interactions between two intrinsic membrane proteins. Our
calculations of the potential of mean force (PMF) between transmembrane proteins
show that hydrophobic forces drive long range protein-protein interactions and that
the nature of these interactions depends on the length of the protein hydrophobic
segment, on the three dimensional structure of the protein and on the properties of
the lipid bilayer. To understand the nature of the computed PMFs, the concept of
hydrophilic shielding is introduced. The observed protein interactions are interpreted
as resulting from the dynamic reorganization of the system to maintain an optimal
hydrophilic shielding of the protein and lipid hydrophobic parts, within the constraint
of the flexibility of the components. The results presented in this chapter could lead
to a better understanding of several membrane processes in which protein interactions
are involved.

3.1 Introduction

For complex biological systems, questions concerning their functioning should be
answered from the principle that their properties are not only related to the individ-
ual behavior of each component but also to the interactions between them. This is
particularly true for biological membranes and hence it is important to invoke the
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collective nature of the system for the study of membrane processes. An important
membrane process that received increasing attention over the last years is the lipid-
mediated interaction between integral membrane proteins. The results from a number
of investigations have pointed out that the composition of the lipid membrane and
the hydrophobic matching between the lipid bilayer hydrophobic thickness and the
hydrophobic length of the transmembrane proteins are important physical properties
that regulate the mechanism of lipid-protein interaction in biomembranes. Moreover,
a protein-induced bilayer deformation could interact with a bilayer deformation due
to one or several other proteins and this could result in indirect lipid-mediated protein
interactions (31). These could play a greater part in protein topology, protein activ-
ity and membrane processes than is presently supposed. Proteins or other membrane
inclusions, like e.g. cholesterol, affect the lipid metabolism and transport, which have
a role in diseases (51). On the other hand, lipids influence the distribution and the
function of the proteins (185).

The insertion of a protein in a membrane is mostly done with the help of a translo-
con and, to a lesser extent, spontaneously. Both experiments and thermodynamic
considerations lead to the conclusion that an increasing side chain hydrophobicity
of a membrane protein drives the equilibrium towards a bilayer insertion (9). Once
inserted, the proteins fold and associate in a certain topology. The driving force
behind the first step of the protein folding, i.e. from an unfolded protein towards a
more compact, sometimes helical, molten globule, is primarily driven by hydrophobic-
hydrophilic interactions. Although the translocon plays an important role in deter-
mining the protein topology, it is observed that the length of the protein hydrophobic
segment could partly determine the topology and hence the function of the membrane
protein (9, 10).

The changing nature of the lipid bilayer in the Golgi apparatus has been proposed
as an agent for protein segregation in the membrane so that they are excluded from
budding vesicles (186-188). Cornelius et al. (189, 190) report that the hydrophobic
matching is a crucial parameter in regulating optimal Na, K-ATPase activity. More-
over, the activation entropy and enthalpy of Na, K-ATPase and Na-ATPase reactions
together with the temperature dependence of the Na, K-ATPase activity as well as
of the Na-ATPase reactions depend not only on the amount of cholesterol present
in the membrane but also on the lipid chain lengths. Hinderliter et al. (191) sug-
gest that the enormous lipid variety present in the eukaryotic membrane could play
an important role in signal transduction as proteins are observed to interact prefer-
entially with a specific lipid type. Of particular interest are the G-protein-coupled
receptors (GPCR), which are essential components of cellular signaling pathways, as
they represent by far the largest class of targets for therapeutic agents. With the
help of the fluorescence resonance energy transfer (FRET) technique more and more
GPCRs are detected in homo- or heteromeric complexes. Because GPCRs are major
pharmacological targets, the existence of oligomers should have important implica-
tions for the development of new drugs, which up till now have been designed with
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the assumption that these receptors are monomeric (12, 13). Previous studies using
electron microscopy have shown that bacteriorhodopsin aggregates in bilayers only
when there is a very large hydrophobic mismatch (42). It was also determined by X-
ray diffraction that bacteriorhodopsin monomers form a very tight trimeric unit and
that the contact between the trimers in the membrane plane is almost exclusively
mediated by lipids (192). Botelho et al. (32) showed, using the FRET technique,
that the hydrophobic mismatch is the main physical mechanism that regulates the
oligomerisation of rhodopsin in membranes and that hydrophobic matching indirectly
modulates the activity of rhodopsin. Previously, Brown (193) observed that the lipid
bilayer modulates the rhodopsin function because the bilayer has a direct influence on
the energetics of the conformational states of rhodopsin. Similar results were obtained
by Kota et al. (194) and Mansoor et al. (195).

There is very little information regarding the thermodynamic stability, quanti-
tatively described by the interaction free energy, of transmembrane protein-protein
interactions in a biological membrane. Most free energies of helix-helix dissociation
have been measured in detergent micelles (e.g. the work of Fisher et al. (196), Flem-
ing et al. (197)), however a first approach that allows quantitative measurements of
alpha-helical membrane protein interactions has recently been proposed (198). A
method to quantify the helix-helix binding affinities in both micelles and lipid bi-
layers has been developed by Lomize et al. (199). Several continuous models have
been developed to calculate quantitatively the indirect lipid-mediated interactions
between intrinsic membrane proteins. Among them are approaches based on sta-
tistical mechanics integral equation theories developed for dense liquids (200, 201),
chain packing theory (202), elasticity theory (203) and elasticity theory combined
with director field theory (204).

In the last decade, the first articles in which molecular dynamics (MD) simulations
were applied to better understand the nature of several membrane processes have been
published. Petrache et al. (205) performed MD simulations of both the dimer and
monomer form of glycophorin A in lipid bilayers with different bilayer thickness, which
they found to be the most relevant property on which the helix tilt angle, the helix
crossing angle and the helix accessible volume depend. With the help of extended MD
simulations, Deol et al. (206) studied the interactions of several membrane proteins
with phosphatidylcholine bilayers. Nielsen et al. (81) used MD to study a coarse-
grained (CG) model of a protein embedded in a mixed lipid bilayer and found peptide
induced lipid domain formation as an effect arising solely from hydrophobic mismatch.
The MD simulations of Smeijers et al. (207) showed that coarse-grained membrane
proteins with hydrophobic mismatch aggregate and that the size of the aggregates
depends both on the hydrophobic mismatch and on the protein shape. Hénin et
al. (58) estimated the free energy of alpha-helix dimerization of the transmembrane
region of glycophorin A by using MD simulations. The coupling between the retinal
conformational change and the large scale rhodopsin conformational change which
results in G-protein activation and signal amplification throughout the cell has also
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been studied by MD simulation (208). This study points out that the efficiency of
the coupling has, most likely, a strong dependence on the nature of the lipid bilayer.

However, because most of the described membrane processes happen at the meso-
scopic length and time scale, i.e. more than 1-1000 nm, ns, and involve the collective
nature of the system, atomistic simulation methods are still too computationally ex-
pensive. Hence mesoscopic models of the phospholipids and the embedded proteins
have been developed and studied by molecular dynamics and dissipative particle dy-
namics (DPD) techniques (reviewed in Venturoli et al. (61)). Venturoli et al. studied
the protein induced bilayer deformations and the lipid induced protein tilting for pro-
teins with a different hydrophobic length (80). Their results show that the protein
induced bilayer perturbation is a function of the hydrophobic mismatch between the
protein hydrophobic length and the pure lipid bilayer hydrophobic thickness and that
proteins may tilt when embedded in too thin a bilayer. Recently, Periole et al. (209)
developed a mesoscopic model to investigate how the physicochemical properties of a
phospholipid bilayer affect the self-assembly of rhodopsin.

We have adopted the DPD simulation method and the previously developed model
for lipid bilayers with embedded proteins (80) to study the mechanism by which
hydrophobic mismatch induces lipid-mediated protein-protein interactions.

3.2 Model and Simulation Methods

In this work we considered proteins of three different sizes: N,=4 (diameter D=7.8
A), N,=T7 (diameter D=13.5 A) and N,=43 (diameter D=32.0 A). The smallest pro-
tein could represent an a-helical synthetic peptide (diameter D=4-7 A), the interme-
diate one a (-helix protein like gramicidin A (diameter D=11-27 A) and the biggest
one a bacteriorhodopsin protein (consisting of 7 a-helical peptides associated into a
bundle, diameter ~ 45 A).

Fig. 3.1 shows a snapshot of two of the systems we studied: (a) two proteins
of size N,=7 and n4,=8 embedded in the lipid bilayer and (b) two proteins of size
N,=43 and n4,=8 embedded in the lipid bilayer. The water particles are not shown
for clarity.

Because we are interested in addressing the question of whether hydrophobic mis-
match may induce lipid-mediated protein interactions, we performed simulations with
proteins of different hydrophobic length (n,,=4, 6 and 8) with the hydrophobic mis-
match, d, defined as:

d=hp—hp(3.1)

where hp is the protein hydrophobic length and Ay, is the mean hydrophobic thickness
of the unperturbed pure lipid bilayer. In the bilayer considered here, h;=(23.6 +
0.2) A and the values of hy, for each value of ny, are reported in Table 3.1, together
with the corresponding hydrophobic mismatch d.
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(a) N,=T7 (b) N,=43

Figure 3.1: Snapshot of the lipid bilayer with two embedded proteins of size N, =7
(a) and N, =43 (b). The hydrophilic and the hydrophobic beads of the proteins are
depicted in yellow and in blue, respectively. The lipid headgroups are depicted in
brown, the lipid tails in green and the terminal beads of the lipid tails in grey.

Table 3.1: Values of the protein hydrophobic thickness hp and the corresponding
mismatch d (Eq. 3.1) for different numbers of protein hydrophobic beads ny, per
aliphatic chain.

ny | hp (A) d (A)

4 | 136 -100+0.2
6 | 226  1.0+0.2
8 | 317 81+02

The mesoscopic model described is studied with the dissipative particle dynamics
(DPD) simulation technique (87). Because unconstrained lipid bilayers are essentially
in a tensionless state (98), we reproduced this condition by simulating the system in
the NyVT ensemble, where 7 is the surface tension of the lipid bilayer. To do so we
used a hybrid scheme which combines the DPD and the Monte Carlo (MC) simulation
methods. The DPD method is used to evolve the positions of the beads and the MC
method to impose a given value to the surface tension of the bilayer (61, 91), and in
particular the value v = 0. For a detailed description of the model, the simulation
method and its applications, we refer to Chapter 2 and to relevant articles (71, 80,
210).

To avoid finite size effects, a sufficiently large bilayer patch should be simulated.
Based on the calculation of the decay length of single protein bilayer perturba-
tions (80), we have chosen a bilayer of area 635 nm?, which contains around 2000
lipids. To assure sufficient hydration, 25 water beads per lipid were considered, for a
total of 50000 water beads. The volume of the simulation box is chosen such that the
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overall bead density is p=3. The simulations were performed at the dimensionless
temperature of 0.7 (approximately 60°C), i.e. when the hydrated phospholipid bilayer
is well in the fluid phase (80).

3.2.1 Influence of Hydrophobic Mismatch

To investigate whether hydrophobic mismatch can induce lipid-mediated protein-
protein interactions, DPD simulations of three different bilayer systems with two
embedded proteins, both of size N,=7 (D=13.5 A), at negative, d=(-1040.2) A,
negligible, d=(1£0.2) A, and positive, d=(840.2) A, mismatch conditions were per-
formed. The two proteins were initially inserted in the membrane at the maximum
distance (126 A) from each other.
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Figure 3.2: Time-series (in DPD-steps) of the distance between two proteins with size
N, = 7 with negative (a), zero (b) and positive (¢) mismatch.

Fig. 3.2 shows the time evolution of the distance between the protein centers of
mass during the simulation. Fig. 3.2(a), which represents the time evolution of the
distance between two proteins with negative mismatch, suggests that both proteins
freely diffuse in the lipid bilayer until they are at a distance of 40-45 A from each
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other. From this point, they appear to be strongly attracted to each other, and, once
together, they remain in each other’s neighborhood, without forming a stable physical
dimer. Here we use the term stable physical dimer to indicate that the proteins are
at close contact, i.e., no lipids are present between the proteins. Fig. 3.2(b) shows
that the motion of proteins with zero mismatch is a free diffusion in the lipid bilayer,
and no attraction is observed. Proteins with positive mismatch (Fig. 3.2(c)), diffuse
freely up to a distance of 35-40 A after which they are strongly attracted to each
other and form a stable dimer. Since the cut-off R. of all acting forces is set to
6.64 A in the model, no direct interaction can take place between the proteins if
they are located at a distance larger than 6.64 A. Moreover, since the degree of
protein mismatch is the only difference between the three systems described, these
results suggest that hydrophobic mismatch is a major driving force in lipid-mediated
protein-protein interactions.

3.2.2 Potential of Mean Force Calculation

To quantitatively describe the lipid mediated interactions between the proteins
we performed free energy calculations, focusing on the interaction between two equal
proteins embedded in the lipid bilayer. We express the free energy of protein-protein
interactions with respect to the collective variable £(X,,Y}), which represents the
distance in the xy-plane (i.e. the plane parallel to the lipid bilayer) between the
centers of mass of the proteins. X, and Y}, are the coordinates of the centers of mass
of the proteins in the bilayer plane. Since the motion of the proteins in the direction
perpendicular to the membrane plane is small and supposed not to be important in
the description of protein-protein interactions, it is reasonable to restrict the collective
variable to the membrane plane. The potential of mean force was computed in two
steps.

First, an initial guess of the PMF as function of £(X,,Y,) was obtained using
umbrella sampling with a harmonic biasing potential centered on different values of
the collective variable. The data generated by umbrella sampling calculations were
unbiased and combined using the weighted histogram analysis method (WHAM) (211,
212). According to Roux (213) this is the most accurate approach for calculating free
energy curves from biased distribution functions. During the umbrella sampling,
simulations were performed in windows centered around Ny successive values of the
reaction coordinate &; (i=1,-- - ,Ny; £=iA¢) with the potential of the unbiased system
Vo(R) replaced by a modified potential V;(R) of the form:

1
Vi(R) = VilR) + Vi(€) = Vo(R) + 5 Ke (€ — &)° (32)
where R represents the coordinates of all the beads in the system. These simulations
were performed in the NVT ensemble. To correctly recombine the different windows,
the values of & and of the harmonic constant K should be chosen in such a way that
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consecutive windows overlap. We found that the values K¢=10 kpT/R? and A&=0.2
R, satisfy this requirement. The average unbiased total distribution function, P (&),
is obtained by solving the coupled WHAM equations:

e Bfi :/PUb(€>€5Vi(§)d£ (3.3)

> niPP(E)

P™(g) = (3.4)
where f; is the (initially unknown) free energy due to the biasing potential, n; is the
number of samples made in the i*" window, PP(€) is the biased distribution of ¢ in
the i*® window and $=1/kpT. Eq. 3.3 and 3.4 are solved self consistently, starting
from an initial guess of f;, until convergence is reached.

Because the PMF only provides a measure of the difference in free energy between
two states, we imposed the PMF to evolve towards zero at large distances between
the proteins.

The potential of mean force was then directly calculated from the reversible work
theorem (184):

PMF(€) = —kpT In(P™(¢)) (3.5)

It should be noted that Eq. 3.5 is only exact in the limit of zero protein density. For
a system containing a finite protein density, correction terms should be added (214).
However, as we consider only two proteins, Eq. 3.5 should hold.

In the second step of the PMF calculation, we used umbrella sampling during
which simulations were performed around Ny, successive values of the reaction coor-
dinate &; (i=1,---,Ny ) with a biasing potential V;(§) of the form:

1 1
Vi(E) = 100 (1 - (1 P 6_100(5_&_%))) ~ PMF(6)prev. (36)

The first term in Eq. 3.6 is a deep potential well that forces the system to sample in
the distance interval [§; — A, & + A&;] with A& = 1.3Re, while PMF (§) prev.it. is the
PMF calculated at the previous iteration. By using this approach, we were able to
reduce the number of windows by a factor of 10, compared with the harmonic biasing
potential case. These simulations were performed in the NyVT ensemble, with v=0.
The unbiased distribution function, from which the PMF is calculated, was again ob-
tained by solving the WHAM equations. This step was repeated, updating the PMF,
until all the individual histograms of the windows showed a uniform distribution.
The proteins were manually inserted in the equilibrated pure lipid bilayer. For
every protein distance (window), we first performed 20000 DPD-MC cycles in order
to equilibrate the system at zero surface tension. In each cycle, it was chosen, with
a probability of 70%, whether to perform a number of DPD steps. Otherwise an
attempt was made to change the box aspect-ratio according to the imposed surface
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tension value (y=0). Data to calculate the PMF were collected after the equilibration
period.

The WHAM equations were solved self-consistently starting from an initial value
of the free energy constants f; = 0. The iterations were repeated until:

max |fiiter _ fiiter—1|§ 10—15
i=1,Nw

3.3 Results and Discussion

3.3.1 Potentials of Mean Force

The PMF's as a function of the distance between the centers of mass of the protein
pairs of size N,=4, N,=7, and N,=43 are shown in Fig. 3.3(a), 3.3(b), and 3.3(c), for
proteins with negative, d=-10 A, negligible, d=1 A, and positive, d=8 A, hydrophobic
mismatch conditions, respectively.

No Mismatch For a protein pair with zero or negligible hydrophobic mismatch
(dot-dashed lines), the PMF is essentially zero, except at short distances between the
two proteins, which means that there are no long range lipid-mediated interactions
between the two proteins. At short distance, three minima occur in the free energy
profiles of the protein pairs of size N,=7 and N,=43. These minima are at distances
¢=D, £&=D+0.7TR. and {=D+1.4R. (where D is the protein diameter). As 0.7R.
is about the diameter of a coarse grained lipid bead, we can, based on geometric
arguments, assign these oscillations in the PMF to the free energy needed to remove
the lipids that are in between the two proteins.

Interestingly, the number of minima depends on the diameter of the protein. For
the protein pair of size N,=4 there is only one minimum, at position D, correspond-
ing with the physical dimer configuration. Our results suggest that the bigger the
diameter of the protein, the more difficult it becomes to expel the lipid beads from
between the two proteins and to form a physical dimer. This effect is comparable
with the two-dimensional crystallization of molecules located between two parallel
surfaces (215). For the protein pair of size N,=43, the physical dimer configuration
is very unstable and does not correspond to the absolute minimum of the free energy
curve, as is instead the case for proteins of size N,=4 and N,=7, and a rather high
free energy barrier (about 3kgT’) needs to be crossed to go from the configuration
with one lipid in between to the physical dimer. From this analysis of the PMF curves
we can conclude that two proteins with zero mismatch diffuse randomly in the lipid
bilayer and that, when they approach each other, they temporarily associate, but
only if their size is sufficiently small (N,=4 and N,=7). However, the free energy in
this dimer configuration is not sufficiently low to stabilize the dimer against thermal
fluctuations (see also Fig.3.2(b)).
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Figure 3.3: Potential of mean force as a function of the distance between two proteins
of size N, = 4 (a), N, = 7 (b) and N, = 43 (c) with negative (dashed line), zero
(dot-dashed line) and positive (full line) mismatch.

Negative Mismatch Proteins with negative mismatch interact with each other
over a broad range of distances, with their PMFs (dashed lines) displaying a repulsive
barrier at intermediate interprotein distances, followed by a broad and deep attractive
minimum as the proteins get closer (but still at several R, apart). At this point it is
important to recall that there are no long range interactions explicitly included in the
direct protein-protein interaction potential. In fact, all interactions are short range
and repulsive. Comparison with the case of zero hydrophobic mismatch shows that the
long range attractive interactions observed in the PMF are therefore induced solely by
the hydrophobic mismatch. The negative mismatch causes a perturbation of the lipid
bilayer. If the proteins are close to each other, the net perturbation of the surrounding
lipids is less than the corresponding perturbation when the proteins are far from each
other, explaining the long-range attractions between the proteins. Interestingly, the
deformation of the lipid membrane at intermediate distances between the proteins
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results in an unfavorable configuration. In section 3.3.3 we discuss the nature of
these interactions in more detail as we introduce the concept of hydrophilic shielding.
The height of the repulsive barrier increases slightly with increasing protein diameter
(=0.2kpT for N,=4, ~1kgT for N,=7, and ~1.5kgT for N,=43) while the range of
the attractive interaction does not depend significantly on the protein diameter. This
also holds for the range of the repulsive interactions.

The PMF of the protein pair of size N,=4 is characterized by one absolute min-
imum of -5.2kgT" corresponding to the dimer configuration, and two “shoulders” at
inter-protein distance of D+40.7R,. and D+1.4R,. corresponding to two proteins with
respectively one and two lipids in between. The PMF of the protein pair of size N,=7
displays two local minima of value ~-5.0kgT'. The first one corresponds to the phys-
ical dimer configuration. The second one most likely corresponds to the two proteins
with one lipid bead in between, although this lipid bead cannot be situated on the
axis linking the two centers of mass of the proteins because the distance between the
two minima is much shorter than 0.7R.. The separation of these two minima by only
a small barrier (~0.1kgT) and the broadness of the attractive region of the PMF re-
flect the instability of the physical dimer. Thermal fluctuations are sufficient to allow
lipid beads to slip in between the proteins, thus breaking the physical dimer. The
same considerations hold for the protein pair of size N,=43, with the only difference
that the absolute minimum (-8.0kgT") does not correspond anymore to the physical
dimer configuration and the physical dimer configuration (-6.8kgT’) is unstable.

To summarize, our results show that, due to lipid-mediated interactions, two
proteins with negative mismatch experience a short and intermediate range strong
attraction and a soft repulsion at larger interprotein distance.

Positive Mismatch In the case of positive mismatch, the PMFs (solid lines) show
that the protein pairs of size N,=4 and N,=7 behave completely different than the
protein pair of size N,=43. The PMFs of the protein pairs of size N,=4 and N,=7
are both characterized by a long range weak repulsion with a barrier of about 1.0kgT,
followed by an intermediate and short range strong attraction towards a very stable
physical dimer. The width, relative to the protein diameter, of the attractive part of
the PMF decreases as the protein diameter increases. The physical dimer formed by
the protein pair of size N,=7 is slightly more stable than the dimer of the protein
pair of size N,=4, because a higher energy barrier has to be crossed to go from the
dimer configuration to the configuration of two proteins with one lipid in between.
Furthermore, the minimum corresponding to the physical dimer of the protein pair
of size N,=T7 is slightly deeper (-6.5kpT") than the corresponding minimum for the
protein pair of size N,=4.

The PMF curve of the protein pair of size IN,=43 reveals a completely different
behavior. A broad attractive region appears at inter-protein distances between 88
and 105 A, with a depth of about -0.6kgT. This long distance attraction is also
present for the protein pair of size N,=4, albeit much narrower and shallower. A
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high repulsive energy barrier is present at inter-protein distances between 47 and 88
A, followed by an attraction as the distance between the proteins further decreases.
The formation of the physical dimer is clearly hindered by the removing of the last
two lipids in between the proteins, shown by the three minima at D and D+0.7R,
and D+1.4R.. Hence, three energy barriers have to be crossed to reach the physical
dimer configuration; first, the barrier of height 3.2kgT', separating the minimum at
long distance from the configuration with two lipids in between the proteins, then
the barrier between D+1.4R. and D+0.7R, of height 0.6kgT, and finally the barrier
between D+0.7R. and D, of height 2.0kgT. The three barriers to be crossed for
dissociation are 2.2kgT, 2.0kgT, and 1.2kgT, respectively. As these barriers are
relatively easy to cross, none of the free energy minima in this region is stable.

From these results, we can conclude that the interaction of a protein pair with
positive mismatch strongly depend on the diameter of the proteins. Proteins that
are rather small (IN,=4, N,=T) repel each other slightly before forming a very stable
physical dimer. Larger proteins (N,=43) are slightly attracted when they are rela-
tively far from each other towards an inter-protein distance of 88 A (i.e. two times
the diameter), but a short-distance repulsive interaction hinders the formation of the
physical dimer configuration.

3.3.2 Discussion of Previous Models

The free energy profiles shown in Fig. 3.3 clearly indicate the presence of lipid-
mediated protein-protein interactions, whose characteristics depend on the degree of
mismatch and on the protein diameter. In an attempt to understand the relation
between the nature of the protein-protein interactions, the mismatch condition and
the protein diameter, it is instructive to compare our results with those obtained by
other theoretical models.

Lagiie et al. (200, 201) applied the hypernetted chain integral equation formal-
ism for liquids to different lipid bilayers and studied the lipid-mediated interactions
between two hard repulsive cylinders. Their results show that a cylindrical inclusion
induces a perturbation of the average radial lipid density over a distance of about 30
A from the surface of the inclusion and that the characteristics of this perturbation
depend on the type of lipid bilayer and on the diameter of the inclusion. For their
model of a DMPC lipid bilayer, these authors observed a depletion layer close to the
inclusion, where the lipid density is lower than in the bulk, followed by a lipid enriched
region. The density in the depleted region decreases with increasing inclusion diame-
ter. In the enriched region, the density increases with increasing inclusion diameter.
However, while the relative range of the depletion decreases with increasing inclusion
diameter, the absolute range of the perturbation remains the same. By calculating
the PMF as a function of the distance between the two inclusions, these authors find
that two inclusions first experience a repulsive interaction followed by an attraction
at closer distances and that it is the perturbation of the average hydrocarbon density
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around the proteins that gives rise to lipid-mediated protein interactions. Although
in our simulations the absolute number of lipid beads as a function of the distance
from the protein surface shows the presence of a depletion layer, we did not observe
a decrease in lipid density since the membrane thickness around the protein is also
changing, resulting in a constant density.

According to the theoretical model of Bohinc et al. (204), which combines elasticity
theory with director field theory, the deformation of the lipid bilayer due to embedded
rigid proteins showing mismatch induces an increase of the membrane elastic energy.
The dimerization of two proteins showing positive or negative mismatch leads to
a gain in this elastic free energy. Considering only membrane elastic effects leads
to a membrane elastic free energy as a function of the distance between the two
proteins which depends on the degree of mismatch, but not on the type of mismatch,
i.e. PMF(£,d)=PMF({, —d). The PMF then displays only an intermediate distance
attraction whose range is independent of the degree of mismatch and with a minimum
which becomes deeper with increasing mismatch. Including director field theory in the
free energy computation leads to long range interactions characterized by repulsion-
attraction for the case of negative mismatch and only attraction for the case of positive
mismatch. The proteins studied by Bohinc et al. (204) have a diameter of 14 A and
the cross-sectional area of their model lipids is 32.5 A2, hence their results can be
compared with our results for N,=7 (Fig. 3.2B) (although our model lipid gives an
area per lipid of 60.4 A2 (80)). For proteins with negative mismatch and N,=7 we
also obtain repulsive-attractive interactions. However, according to our simulations,
for the case of positive mismatch, the repulsive part, although smaller than in the
case of negative mismatch, does not entirely disappear.

3.3.3 Hydrophilic Shielding

In this section we interpret and explain the features of the PMF curves shown in
Fig. 3.3 in terms of hydrophobic and hydrophilic interactions. Due to the soft repulsive
interactions, whose strength is given by the parameters a;; in our model, the water
beads, the lipids and the proteins tend to reorganize so that the hydrophobic beads of
the proteins and the lipids are shielded from the water beads by the hydrophilic beads
of the proteins and the lipid headgroups in the most optimal way. This regrouping is
however constrained by the internal flexibility of the proteins and the lipids, i.e., by
their bond bending rigidity.

To characterize the degree of screening of the hydrophobic parts of the lipids and
the peptides from the polar environment of the solvent, we introduce the concept
of hydrophilic shielding. For this purpose, we define the lipid head fraction as the
average number of lipid head beads at a given position in the plane of the lipid bilayer
in which the protein is embedded divided by the average number of lipid head beads
of a pure bilayer without embedded proteins. The lipid tail fraction is defined in an
analogous way for the lipid tail beads. The hydrophilic shielding parameter, defined
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at every position in the plane of a lipid bilayer, is the ratio of the lipid head fraction
and the lipid tail fraction, and it is a measure for the relative number of hydrophilic
beads shielding the hydrophobic tail beads from the water at a given position. This
parameter is one at sufficient distances from a protein. When the hydrophilic shielding
parameter is bigger than one, the density of the lipid heads shielding the lipid tails
present is higher than in the pure lipid bilayer.

Hydrophilic Shielding around one Protein

Fig. 3.4 shows the lipid head and tail fraction and the hydrophilic shielding pa-
rameter as a function of the distance from a single protein embedded in the lipid
bilayer. Three different proteins were considered, all of size N,=43, but with nega-
tive (Fig. 3.4a), zero (Fig. 3.4b) and positive (Fig. 3.4c) mismatch. In an unperturbed
pure lipid bilayer the lipid head and tail fraction and the hydrophilic shielding param-
eter are on average one at every point in the bilayer plane. Fig. 3.4 shows that the
presence of a protein perturbs the surrounding lipid organization and indicates how
the lipids reorganize around the protein as function of the hydrophobic mismatch.

Around a protein with negative mismatch (Fig. 3.4a) the lipids reorganize by
increasing the density of the lipid heads close to the protein surface, while the lipid
tails point away from the protein surface. This region of high lipid head fraction is
followed by a region of low lipid head fraction. Because the tails of the lipids close to
the protein are pointing away from the protein, the region of low lipid head fraction
contains a high lipid tail fraction. This results in a hydrophilic shielding parameter
which is high in the vicinity of the protein (up to 1.6 at 5 A) but which decreases to a
minimum value of 0.96 at a distance of 31 A from the protein surface. The shielding
parameter then goes to one at larger distances. Around a protein with positive
mismatch (Fig. 3.4c) the lipids reorganize in the opposite way. An undershielded
region appears in the vicinity of the protein surface because the lipid heads regroup
at a certain distance from the protein surface while the lipid tails point in the direction
of the protein surface. The undershielded region of the bilayer is followed by a well-
shielded region. The hydrophilic shielding parameter reaches a maximum value of
1.07 at a distance of 20 A, after which it decreases towards one. When the lipids
reorganize around a protein with zero mismatch (Fig. 3.4b), the lipid heads regroup
close to the protein, resulting in a higher shielding in the vicinity of the protein. This
effect is, however, smaller than in the case of negative mismatch. The overshielded
region is not followed by a large undershielded region and the hydrophilic shielding
parameter decays to one at shorter distance from the protein.

The reorganization of the lipids also leads to a change of the lipid bilayer thick-
ness (80) and thus of the structure parameter (143). The lipid tail fraction as a
function of the distance from the protein surface shows the same trend as the change
in hydrophobic bilayer thickness around the protein as calculated in ref. (80). This
implies that the reorganization of the lipids around a protein does not result in long
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Figure 3.4: Lipid tail fraction (dot-dashed line), lipid head fraction (dashed line) and
hydrophilic shielding (full line) as a function of the distance from one protein of size
N, = 43 with negative (a), zero (b) and positive (c¢) mismatch.

range lipid tail density fluctuations. This was confirmed by our simulations (data not
shown).

It is very important to note that the way the lipids reorganize around a protein in
an optimal way may also strongly depend on the three dimensional structure of the
protein. Hence, the results presented here are only valid for cylindrical proteins.

Hydrophilic Shielding around two Proteins

In this section we explain how the lipid reorganization around a protein can deter-
mine the nature of the interactions between two or more proteins. When the distance
between two proteins embedded in a lipid bilayer is decreased from an initial to a
final protein-protein distance, three different scenarios may arise. A first possibility
is that the approaching of the two proteins allows for a reorganization of the other
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components of the system which results in an increase of the hydrophilic shielding.
As this is energetically favorable, the free energy curve displays an attractive region
over this distance interval, which means that the aggregation process occurs sponta-
neously. In a second scenario, the position of the proteins within the distance interval
does not influence the capability of the system to shield its hydrophobic regions. The
total shielding then remains constant, and this is reflected by a flat free energy profile
over the distance interval and thus in an absence of lipid-mediated protein-protein
interactions. The third possibility is that, as the proteins get closer, the lipids can-
not reorganize to optimize the hydrophilic shielding. This then results in a repulsive
interaction, which is reflected in the PMF by a barrier in the considered distance
interval.

In the following part of this section, we compare the calculated shielding parameter
profiles against these three possibilities.
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Figure 3.5: Lipid head (dashed line) and tail (dot-dashed line) fraction and hydrophilic

shielding parameter (full line) along the axis linking the centers of mass of two proteins

of size Np,=43 embedded in the lipid bilayer with negative mismatch at different

iAnterprotein distances: £€=126 A (a), 103 A (b), 78 A (c), 58 A (d), 45 A (e) and 32
(f).

Negative Mismatch Fig. 3.5 shows the lipid head and tail fraction and the hy-
drophilic shielding parameter along the axis linking the centers of mass of two proteins
of size N,=43 and with negative mismatch, at different distances from each other:

£=126 A (a), 103 A (b), 78 A (c), 58 A (d), 45 A (e) and 32 A (f). Fig. 3.6 shows,



61

for the same systems as in Fig. 3.5, the hydrophilic shielding parameter profile in
the bilayer plane. From Fig. 3.5a it can be observed that when the two proteins are
sufficiently far apart, the lipids regroup around each protein in a similar way as if
each protein were isolated, i.e., several lipid heads cluster close to the protein surface
while the lipid tails point away from the protein surface (compare with Fig. 3.4a).
As the inter protein distance decreases (Fig. 3.5b), the hydrophilic shielding between
the two proteins becomes less than one, showing that the lipids cannot rearrange
to ensure an optimal shielding. Indeed, a badly shielded hydrophilic region appears
(Fig. 3.6b) between the proteins where the hydrophobic tails of the lipids pointing
away from one protein meet the lipid tails pointing away from the second protein.
Thus, the PMF between €=126 A and €=103 A is repulsive. Further decrease of
the inter protein distance to é=78 A involves an important reorganization of the sur-
rounding lipids, whose tails now point away from both proteins, towards the notches
in the direction perpendicular to the axis linking the two proteins. This results in
an increase of the hydrophilic shielding in the region between the proteins (Fig. 3.5c¢,
3.6¢). Because the lipid heads regroup close to, and the lipid tails point away from,
a protein with negative mismatch, a further approach of the proteins increases the
inter-protein lipid head fraction and decreases the inter-protein lipid tail fraction, and
hence increases the inter-protein hydrophilic shielding (Fig. 3.5d,e and Fig. 3.6d,e).
Thus the proteins spontaneously aggregate and the PMF is attractive over this dis-
tance interval. Finally, the two proteins from a stable physical dimer (Fig. 3.5f, 3.6f)
which allows the most optimal regrouping of the lipids with respect to the hydrophilic
shielding, and hence corresponds with the absolute minimum of the PMF curve. The
absolute minimum in the PMF is relatively broad compared to the corresponding
minima of proteins with positive mismatch because the well shielded region attracts
the surrounding lipids.

With this mechanism for protein interactions in mind, one can now make reason-
able predictions about many-protein interactions. The aggregation of a third protein
to a protein dimer is unlikely in the direction perpendicular to the inter protein axis
(Fig. 3.6f) because of the unfavorable interaction with the undershielded regions in
the notches of the physical dimer. It is thus more likely that the third protein will
approach the dimer along the direction parallel to the inter protein axis. However,
because the undershielded notches are energetically unfavorable, the trimer should
reorganize such that the number of notches becomes minimal. Hence the optimal
final configuration is triangular rather than linear. These predictions are supported
by preliminary simulation studies.

Positive Mismatch Fig. 3.7 shows the lipid head and tail fraction and the hy-
drophilic shielding parameter along the axis linking the centers of mass of two pro-
teins of size N,=43 and with positive mismatch, at different distances from each other:
£€=126 A (a), 103 A (b), 78 A (c), 58 A (d), 45 A (e) and 32 A (f). For the same
system, the average hydrophilic shielding parameter in the bilayer plane is shown in
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Figure 3.6: Hydrophilic shielding parameter in the plane of the bilayer in which
two proteins of size N,=43 and with negative mismatch are embedded at different
interprotein distances: £=126 A (a), 103 A (b), 78 A (c), 58 A (d), 45 A (e) and 32
A (f).

Fig. 3.8. Fig. 3.7a shows that at large protein separations the lipids reorganize around
each protein in a way similar to the case of one isolated protein of the same size and
mismatch (Fig. 3.4c), i.e., by regrouping their heads at a certain distance of, and with
the tails pointing towards, the protein surface. When the proteins are at a distance
of 103 A (Fig. 3.7b) a well shielded region forms in between the proteins, due to the
interaction of the lipid heads regrouped at a certain distance from both proteins. This
explains the attractive region in the PMF between £=126 A and £=103 A. A further
approach of the proteins to a distance of £=78 A involves an important reorgani-
zation of the inter-protein lipids, whose heads now regroup in the notches between
the proteins, while their tails point towards the inter-protein region depleted of lipid
headgroups (Fig. 3.7c, 3.8¢c). Hence, further approach of the proteins decreases the
inter-protein lipid head fraction and increases the inter-protein lipid tail fraction, thus
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Figure 3.7: Lipid head (dashed line) and tail (dot-dashed line) fraction and hydrophilic

shielding parameter (full line) along the axis linking the centers of mass of two proteins

of size N,=43 embedded in the lipid bilayer with positive mismatch, at different

Elterprotein distances: €=126 A (a), 103 A (b), 78 A (c), 58 A (d), 45 A (e) and 32
(f).

decreasing the inter-protein hydrophilic shielding (Fig. 3.7d,e, 3.8d,e). As a result,
the protein-protein interaction is strongly repulsive over the corresponding distance
interval. However, once the repulsive barrier is crossed, the proteins form a physical
dimer which allows an optimal regrouping of the lipids with respect to hydrophilic
shielding (Fig. 3.8f), and hence corresponds with the absolute minimum of the PMF
curve. The stability of the physical dimer is discussed in Sec. 3.3.4.

In Sec. 3.3.3 we noted that the lipid tail fraction follows the same trend as the
hydrophobic bilayer thickness. Therefore, the values of the lipid tail fraction between
two proteins at different distance, as shown in Fig. 3.5 and in Fig. 3.7, also give us a
measure of the corresponding bilayer hydrophobic thickness.

3.3.4 Influence of the Protein Diameter

When a protein with a small diameter, N,=4 or 7, and subjected to positive
mismatch is embedded in the bilayer, the mismatch is compensated for not only by a
bilayer deformation, but also by a tilt of the protein, so that its hydrophobic section is
shielded from the water (23, 80, 216). Hence, the thickening of the lipid bilayer is not
as pronounced as in the case of a protein with a larger diameter (N,=43), for which
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Figure 3.8: Hydrophilic shielding parameter in the plane of the bilayer in which
two proteins of size N,=43 and with positive mismatch are embedded, at different
interprotein distances: €=126 A (a), 103 A (b), 78 A (c), 58 A (d), 45 A (e) and 32
A (f).

the tilting is instead very small. The different mechanisms of hydrophilic shielding,
namely the thickening of the lipid bilayer or the tilt, result in different protein-protein
interactions. This explains the difference between the free energy curve for proteins
with positive mismatch and of size N,=43 on the one hand and the free energy curve
for proteins with size N,=4 or 7 on the other hand.

To investigate the influence of tilting on the PMF, we computed the PMF for
the protein pair of size N,=4 and the protein pair of /V,=7 with positive mismatch
condition, with the additional constraint that both proteins are not allowed to tilt,
and hence remain parallel to the bilayer normal. In Fig. 3.9 we compare the resulting
PMFs with the PMFs obtained when the proteins are free to tilt. For both the
protein pairs of size N,=4 and N,=7, the PMF now shows a shallow and rather
broad minimum at large protein separation. At intermediate separation a repulsive
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region appears, which is followed by two metastable states and a deep and narrow
minimum, corresponding with the two proteins with respectively two and one lipid
bead in between and with the physical dimer configuration. A comparison of the
PMF obtained when the proteins are not allowed to tilt (Fig. 3.9), with the PMF
for the protein pair of size N,=43 and with positive mismatch (Fig. 3.3c), shows
that both have the same characteristics at intermediate and long distance, while they
differ at short distance. Our results indicate that, in the case of positive mismatch,
the long-range interaction between two proteins is influenced by the degree of protein
tilt.
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Figure 3.9: Comparison of the potential of mean force as function of the distance
between two proteins of size N, = 4 (a) and N, = 7 (b) with positive mismatch in
the case when the proteins are allowed (full line) or not allowed (dashed line) to tilt.

The different shape and depth of the PMF minimum at short distance for the large
protein pair (N,=43) and the small ones (N,,=4,7) at positive mismatch conditions can
be explained by looking at Fig 3.8e,f. Indeed, as shown in this figure, the dimerization
of two proteins with size N,=43 reduces the number of badly shielded lipids between
the two proteins, but induces two new regions of badly shielded lipids in the notches
of the 8-shaped configuration of the dimer. Hence, the dimerization does not bring
a significant improvement of the overall hydrophilic shielding. However, when two
proteins with a much smaller diameter (N,=4,7) aggregate, the badly shielded region
in between them disappears without the formation of new undershielded regions.
This difference can be attributed to the different curvature of the small and large
protein. When two large proteins, which have a pronounced curvature, come in close
contact, they form an 8-shaped interface with the lipids. This shape creates the
very unfavorable undershielded notches, which are not present in the case of smaller
proteins, whose physical dimer has a more rectangular shape.
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3.4 Comparison with Experimental Observations.

The presence of specific lipid-mediated protein-protein interactions, which depend
on the biophysical properties of the lipid bilayer, on the protein diameter, or more
generally, on the three dimensional structure of the protein, and on the type and the
degree of mismatch, could have several consequences on the stability and the size of
protein oligomers, as discussed in the introduction of this chapter. In this section
we will attempt to link our simulation results to relevant experimental observations.
In making this comparison we have to assume that our model gives a reasonable
description of the experimental system. Whereas we can make a very reasonable
estimate of the effective sizes of the molecules, we have to assume that the specific
nature of, for example, electrostatic interactions or hydrogen bonds, is less important
for a general understanding of the protein-protein interactions.

Gramicidin A (D=18 A, hp=22 A) was observed to spontaneously form spherical
clusters containing 50-100 proteins when embedded in a DMPC lipid bilayer in the
fluid phase (h;=28 A) (40). For this system there is a negative hydrophobic mismatch
of d=-6 A. Our results show that for proteins with negative mismatch the nature of
the PMF does not significantly depend on the protein diameter. Hence, for the case
of negative mismatch our model also predicts clustering of the proteins (i.e. the
short-range interaction remains attractive as the cluster size grows).

The aggregation behavior of WALP-23 peptides (D=10 A, hp=33 A) has been in-
vestigated in three bilayers with a different hydrophobic thickness: C14:1¢-PC (h;,=23
A), C18:1¢-PC (hp=30 A) and C22:1¢-PC (h=37 A) (31). When embedded in the
C18:1¢-PC bilayer (d=3 A), the WALP-23 peptides diffuse randomly in the bilayer
without forming stable oligomers. However, aggregation of the WALP-23 peptides
was observed when inserted in the C14:1c-PC (d=10 A) bilayer or in the C22:1c-PC
(d=-4 A) bilayer. Accordingly, for proteins with size N,=7, our model predicts the
attraction between proteins with both positive and negative mismatch conditions,
and free diffusion of proteins with negligible mismatch.

Our simulation results support the hypothesis that hydrophobic interactions could
influence the protein organization in the bilayer. Indeed, our simulations show that,
e.g., for the case of two proteins with positive mismatch, the height of the interme-
diate range repulsive barrier increases with increasing protein diameter, while the
short range attractive minimum deepens with decreasing protein diameter. Hence, it
is likely that several smaller proteins could aggregate and form oligomers of increas-
ing size, until the clusters reach a critical size, after which the interactions between
the oligomers become dominantly repulsive. Relevant experiments (42) have been
performed with bacteriorhodopsin (D=45 A, hp=34 A). Bacteriorhodopsins inserted
in bilayers with different hydrophobic thickness, namely lecithins with acyl chains
ranging from di-10:0 to di-24:1, were observed to remain dispersed when the bilayer
hydrophobic region was less than 4 A thicker or more than 10 A thinner than the
bacteriorhodopsin hydrophobic length. Aggregation of bacteriorhodopsin was ob-
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served when the hydrophobic mismatch was greater than 10 A or smaller than -4 A.
A related experiment (32) showed organization of bacteriorhodopsin in big clusters
when embedded in a bilayer with hydrophobic mismatch d=-5 A, no aggregation for
d=-2 to 2 A, and the formation of small oligomers for d=5 to 10 A, with the size
of the oligomers slightly increasing with increasing positive mismatch. Considering
that the diameter of rhodopsin is comparable to the diameter of our model protein
with N,=43, our results for this protein in the case of negative mismatch also pre-
dict clustering. In the case of positive mismatch no aggregation is observed, unless
the hydrophobic mismatch is strong. Indeed, strong positive mismatch induces an
increase in tilt, which promotes aggregation.
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Chapter 4

Molecular Simulation Study of the
DMPC-Cholesterol Bilayer

In this chapter we present a coarse-grained model of a hydrated saturated phos-
pholipid bilayer (dimyristoylphosphatidylcholine, DMPC) containing cholesterol that
we study using a hybrid dissipative particle dynamics - Monte Carlo method. This ap-
proach allows us to reach the time and length scales necessary to study structural and
mechanical properties of the bilayer at various temperatures and cholesterol concen-
trations. The properties studied are the area per lipid, condensation, bilayer thickness,
tail order parameters, bending modulus and area compressibility. Our model quanti-
tatively reproduces most of the experimental effects of cholesterol on these properties,
and reproduces the main features of the experimental phase and structure diagrams.
We also present all-atom simulation results of the system and use these results to
further validate the structure of our coarse-grained bilayer. Based on the changes
in structural properties we propose a temperature-composition structure diagram,
which we compare with the experimental phase and structure diagrams. Attention is
paid to the reliability and interpretation of the model and simulation method and of
the different experimental techniques. The lateral organization of cholesterol in the
bilayer is discussed.

4.1 Introduction

Experiments in vitro and in vivo, performed to gain insight into the exact role
of cholesterol in membranes, revealed its complexity (106). Even for the extensively-
studied hydrated bilayer containing solely cholesterol and dimyristoylphosphatidyl-
choline (DMPC), the effect of cholesterol is not entirely understood (156). In fact, as
shown in Fig. 4.1, there is even no consensus on the qualitative form of the cholesterol-
DMPC phase diagrams in the literature.

By definition, if a sudden change in the enthalpy of the system takes place, for
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example, as a function of temperature at constant pressure, a phase transition occurs.
One of the most widely used methods to measure phase transitions of lipid membranes
is differential scanning calorimetry (DSC) (109, 111, 119). With DSC, however, it
is not possible to characterize the structural, mechanical or dynamical properties
of the bilayer in a given phase, or to determine which forces drive the phase tran-
sition (109). Several experimental methods to gain information on the structural,
mechanical and dynamical properties of a bilayer exist. For example, from NMR and
X-ray scattering data, one can extract lipid tail order parameters (136), from X-ray
scattering one obtains electron density profiles, bilayer thickness, bending modulus
and area per lipid (133, 134) and from fluorescence techniques and NMR diffusion
coefficients can be obtained (149, 151, 152). For a more detailed description of the
various experimental methods to study the properties of lipid bilayers we refer to
Chapter 2.

The available experimental methods can either directly determine the phase bound-
aries (DSC) or yield information on structural, mechanical or dynamical changes
(NMR, X-ray, fluorescence). Therefore, the comparison between the phase diagram
and the different diagrams showing structural, mechanical or dynamical changes is
not straightforward. Moreover, the different experimental techniques may not be sen-
sitive to all changes that are induced by cholesterol. Molecular simulations should, in
principle, allow one to simultaneously obtain information concerning a broad range
of bilayer properties.

Using all-atom molecular dynamic simulations, many effects of cholesterol have
been studied on several types of lipid bilayers (132, 133, 219-223). The order-
ing and condensation effects have been observed in simulations of DPPC/Chol and
DMPC/Chol mixtures (133, 220-222). The study was extended to different types of
sterols and also to bilayers containing sphingomyelin (222, 224). Pandit et al. (133)
studied the packing of cholesterol around unsaturated lipids. Kucerka et al. (132)
used molecular simulations to relate the simulated bilayer structure to experimental
X-ray results thereby allowing a detailed comparison to the experimental models.
Earlier studies (220, 225-231) used a united-atom model to investigate the impact
of cholesterol and other sterol molecules on lipid bilayers. These studies use effec-
tively less atoms by grouping a few of the atoms together. Those simulations obtain
similar trends for the effect of cholsterol and other sterols. Pasenkiewicz-Gierula et
al. (220, 227, 228) used those simulations to distinguish between the different types
of cholesterol interactions. An extensive study by Hofsass et al. (231) followed the
effect of cholesterol on the properties of a DPPC bilayer at various concentrations.

Unfortunately, the lengthscales (1-1000 nm) and timescales (1-1000 ns) required
to study phase transitions of atomistic lipid models are simply not accessible with
current computers. Very extensive simulations are required to reliably determine the
phase boundaries and therefore even a single phase point requires much more resources
than one has. To access the necessary length- and timescales various coarse-grained
models of lipid bilayers have been developed (61). A popular method to study the
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Figure 4.1: Published partial phase diagrams of a hydrated DMPC-cholesterol bilayer.
Ty and Tp are the main and the pre-transition temperatures of the pure DMPC
bilayer, respectively. In (a), obtained from small-angle neutron scattering experiments
which give information on the ripple structure (217), L, is the liquid phase, Py is the
ripple phase and L. is the gel phase with the lipid tails not tilted. In (b), obtained
from differences in membrane fluidity, observed using paramagnetic resonance spectra
spin-labels (218), region I denotes the liquid phase which can eventually contain two
liquid-liquid immiscible regions, region II denotes a solid phase-fluid phase phase
separation and region III denotes a single phase fluid region. In (c), which is a
DPPC-cholesterol phase diagram obtained from DSC measurements and NMR (171),
s and L, are the solid phase and the liquid-ordered phase, respectively.

structure, mechanics and dynamics of coarse-grained lipid bilayers is dissipative par-
ticle dynamics (DPD) (87). This approach has been successful in reproducing various
structural properties of the different phases of a single phospholipid bilayer (61, 73).
Recently, coarse-grained models of lipid bilayers containing cholesterol have been de-
veloped (47, 65, 68, 232). Murtula et al. (47) studied the lateral organization of
cholesterol at intermediate cholesterol concentrations, while Marrink et al. (68) re-
produced the condensation effect of cholesterol.
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4.2 Model and Simulation Method

Our mesoscopic model of a hydrated phospholipid-cholesterol is summarized in
Fig. 4.2.In our model we explicitly assume that hydrophobic mismatch between the
cholesterol and the lipid hydrophobic tails is an important parameter regulating the
cholesterol-lipid interactions (119, 233-235). In this cholesterol model we have chosen
the parameters and number of beads such that the relative lengths of the different
hydrophilic and hydrophobic parts of the cholesterol molecule are consistent with our
lipid model.
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Figure 4.2: Molecular structure and mesoscopic model of DMPC (a, b) and cholesterol
(¢, d). The hydrophilic and the hydrophobic beads are depicted in black and white,
respectively. Angles restricted by a harmonic bending potential are specified. In
Table (e) the values of the soft-repulsive parameters a;; are given.

At this point it is important to mention that there is no consensus on the values
of these parameters. Molecular simulations (228) and simple molecular models show
that the hydrophobic length of a single cholesterol molecule is comparable with the
hydrophobic length of a single DMPC molecule and that the length of the cholesterol
tetrameric ring is comparable with the length of the cholesterol tail. Experiments by
McMullen et al. (119) point out that, in a phospholipid bilayer, the total hydrophobic
part of cholesterol matches with the length of a phospholipid tail containing 17 carbon
atoms, i.e. 17.5 A. DMPC, which contains a tail of 14 carbon atoms, should hence
have a hydrophobic part that is 3-4 A shorter than the hydrophobic part of cholesterol.
We chose a cholesterol model in which the hydrophobic length is slightly longer than
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the DMPC tail length, and in which the length of the cholesterol ring is equal to the
length of the cholesterol tail.

In the phospholipid model, one hydrophobic bead represents three to four carbon
atoms. To ensure that the effective volume of a cholesterol molecule is consistent with
the lipid models, we assume that the cholesterol tail is represented by two beads and
that the stiff tetrameric ring is represented by 5 beads. The five methyl groups are
not directly represented in our model. Our model gives a temperature-independent
area per cholesterol value of 40.3 A2, which is in excellent agreement with the most
recent experimental value of 41 A2 for a cholesterol monolayer (236).

At this point it is important to notice that both the cholesterol and DMPC models
are very simple, and may thus represent a large variety of sterols and lipids. Exper-
iments and all-atom molecular simulations indicate that the main effects of a sterol
on a saturated lipid bilayer are independent of the type of sterol, but that the degree
to which a given sterol perturbs a lipid bilayer varies (224, 226, 237, 238). As a
result, the models used in this simulation study can mainly extract general effects of
cholesterol on the DMPC structures.

The hydrophobic and hydrophilic interactions are modeled with soft-repulsive po-
tentials, the strength of which are shown in Fig. 4.2. The energy parameter a,,, has
been fitted such that the coarse-grained water has the same compressibility as water
at ambient conditions (87). It has been shown that the other energy parameter values
can be linked to Flory-Huggins solubility parameters (87). To be fully correct, these
parameters should be refit at each temperature. However, we have found it fruitful
to hold these parameters constant to explore the phase behavior in the vicinity of the
ambient temperature of 24 °C. As a result, the connection between the coarse-grained
temperature, T}, and real temperature, 7', is less well defined than for the properties
related to density. To relate these temperatures, we use the empirical estimate that
T = 108.75T,.—8.6, with T} the reduced temperature, a relationship that was obtained
by fitting to the phase transition temperatures. Harmonic bond and bond-bending
potentials control the structure and the flexibility of the molecules (see Chapter 2).

The mesoscopic model was studied with the DPD simulation technique (87, 94,
95). Since unconstrained lipid bilayers are essentially in a tensionless state (98), we
reproduced this condition by simulating the system in the N P, 4T ensemble, where ~
is the surface tension of the lipid bilayer, set to zero. We simulate this ensemble via a
hybrid Monte Carlo (MC) and dissipative particle dynamics (DPD) approach. Each
cycle of the simulation consists of one of the following possible moves: (1) a DPD
trajectory of 1 to 50 steps which applies a thermostat to the dynamics, (2) a constant
surface tension MC move, and (3) a constant normal pressure MC move. These moves
are chosen with a likelihood of 60%—20%—20%, respectively. For a detailed description
of the simulation method and its applications, we refer to Chapter 2 and to relevant
articles (71, 80, 100, 210).

To minimize finite-size effects, a sufficiently large bilayer patch should be simu-
lated. We have performed simulations on several bilayers which contained 400, 1000,
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and 4000 molecules. Differences between simulation results of the bilayers containing
400, 1000, and 4000 molecules were found to be minimal. Hence we performed our
systematic study on bilayers which contain 400 molecules and the results presented
in this article should barely be subjected to finite-size effects. Because the phase be-
havior of a lipid bilayer strongly depends on the level of hydration it is important to
assure sufficient hydration. Moreover, phase transitions might occur with a change of
the local hydration of the bilayer (102). Therefore, we considered 25 water beads per
lipid or cholesterol. The simulation in the NP, 4T ensemble allows for local changes
in the hydration of the bilayer head groups. The normal component of the stress
tensor, P, is equal to the bulk pressure of the water phase. This pressure is usually
kept constant in the experiments. The same simulations have also been performed in
the NV~T ensemble, giving very similar results as in the N P ~T" ensemble.

We performed simulations of bilayers with different cholesterol concentrations
ranging from 0 to 50 mol% at dimensionless temperatures ranging from 0.1 to 1.0.
The pure bilayer can be obtained from a self-assembly process. For this study we gen-
erated an initial bilayer in which cholesterol was incorporated by randomly replacing
a lipid molecule by a cholesterol molecule in such a way that the total number of
lipid and cholesterol molecules on both sides of the membrane are equal. Bennett et
al. (230) observed flip-flop of cholesterol between the two bilayer sides. We did not
observe this.

All-atom MD simulations on bilayers composed of DMPC and cholesterol were
used for quantitative comparison. A membrane of 72 molecules in total (DMPC and
cholesterol) was assembled using the CHARMM-GUI input generator (239). The
replacement method for membrane building was used. An initial constrained equili-
bration was preformed according to the scheme provided by CHARMM-GUI (240).
An equal number of cholesterol molecules were inserted into both leaflets of a DMPC
membrane. Three-dimensional periodic boundary conditions were enforced, and a
hydration layer of 30 TIP3P water molecules per lipid was used to reduce the mutual
influence of images in the direction normal to the bilayer. An initial area of 60 A% per
DMPC molecule was set for lower cholesterol concentrations (< 20%) while at higher
cholesterol concentrations this value was reduced to 50 A2. Both the initial energy
minimization and the longer MD simulations were performed using the CHARMM
package (52) with the optimized lipid parameters (241). At this point it is important
to mention that our all-atom simulations are relatively small. Such small systems
are sufficient to obtain accurate data on the structural properties and allow us to
compute these properties for many different cholesterol concentrations. However,
larger bilayers are required to obtain mechanical parameters or to study cholesterol
clustering.

The MD simulations were performed using the leapfrog Verlet integrator over a
time step of 2 fs. A temperature of 30 °C was kept constant throughout the simulation
as well as constant normal pressure (1 atm) and surface tension (0 dyne/cm), therefore
sampling at the N P, yT ensemble. The non-bonded van der Waals interactions were
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smoothed by a switching function between 10-12 A. The particle mesh Ewald (242)
method was used to calculate the long-ranged interactions beyond this cutoff. Bonds
involving hydrogen atoms were kept fixed using the SHAKE algorithm with tolerance
of 1075, An initial 500 ps minimization was performed according to the scheme
provided in CHARMM-GUI (239). Statistical averages were then obtained from a ns
trajectory following 3.5 ns of equilibration.

4.3 Results

4.3.1 Comparison with Mechanical and Structural Proper-
ties at 30 °C

First, we test our model by a detailed comparison with the experimental data
on the effect of cholesterol on various structural and mechanical properties of the
bilayer with our simulation results using both all-atom and mesoscopic simulations.
Most of these experiments were performed at 30 °C, right above the main transition
temperature of pure DMPC, which is 24 °C. We also compare with the data obtained
by all-atom simulations, as a further validation of the coarse-grained model.

Structural Fig. 4.3a shows our simulation results for the average molecular area,
Ay, as a function of cholesterol composition together with the experimental data,
which have been extracted from X-ray scattering experiments (44, 134). The all-
atom simulations reproduce the experimental data very well. For pure DMPC our
mescopic model gives a slightly smaller area. Fig. 4.3a shows that experimentally a
non-linear decrease of the area per molecule as a function of cholesterol concentration
is observed. The Ay is smaller than the Ay calculated from the mixing rule. This
non-ideal mixing behavior is called the condensation effect of cholesterol. Both all-
atom and molecular simulations correctly predict the non-linear decrease of the area
per molecule as a function of cholesterol concentration.

Fig. 4.3b shows the relative increase in bilayer thickness in the presence of choles-
terol. Experimentally, X-ray scattering provides the phosphorus to phosphorus dis-
tance (PtP) as a measure of this thickness (44, 134). We used the same definition
in our all-atom simulations. For our mesoscopic model we used the average distance
between the beads containing the phosphorus atoms. For a pure DMPC bilayer we
obtained a bilayer thickness of 38.7 A for the mesoscopic and 36.1 A for the all-atom
simulations. These data compare well with the experimental value of 36 A (44). Both
experiments and simulations show a strong swelling of the bilayer thickness when up
to 20-30 mol% cholesterol is added. This increase levels off when more cholesterol is
added to the bilayer.

The effect of cholesterol on the ordering of the lipid tails is illustrated in Fig. 4.3c.
In the experiments the lipid tail order parameter, Syur, is obtained from deuterium
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NMR experiments and is related to the average angle 6, between a C-D bond and
the normal to the bilayer, by Sxur = 2|Scp| = | (3cos? — 1) |. From all-atom
simulations one can directly obtain this NMR order parameter. The average angle (3
between a C-C bond and the normal to the bilayer are geometrically related to the
desired angle 0. Hence, 2|Scp| and 2|Scc| = | (3 cos? 3 — 1) | are expected to follow the
same qualitative trend. We tested and validated this with our all-atom simulations
(see Fig. 4.3c). Therefore we use 2577 = |(3cos?a — 1) | as tail order parameter
in our mesoscopic simulation, with « being the angle between two consecutive tail
beads and the bilayer normal. Both all-atom molecular simulations and mesoscopic
simulations reproduce the experimentally observed increase in lipid tail order when
cholesterol is added to the bilayer, although the agreement is quantitatively better
for all-atom molecular simulations.

The experimental data allows us to validate our model through various structural
properties. It does not, however, allow us to validate the specific molecular organiza-
tion of the lipids. To this end we use the comparison to all-atom simulations. Fig. 4.4
compares the density profiles of the cholesterol and DMPC head groups in the meso-
scopic bilayer with all-atom simulations at various cholesterol concentrations. The
comparison shows that our mesoscopic model follows the atomistic density profiles
reasonably well, considering the loss of degrees of freedom by coarse-graining. The
figure clearly shows the swelling of the bilayer induced by increasing concentration of
cholesterol, as the head groups move increasingly away.
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Figure 4.3: Comparison of structural and mechanical parameters as a function of
cholesterol concentration obtained from X-ray scattering experiments (unless speci-
fied), all-atom and mesoscopic simulations. All data are at 30 °C (unless specified).
(a): Area per molecule, A,,. Experimental data from Hung et al. (44) and Pan et
al. (133, 134). The dotted line represents the area per molecule calculated with the
mixing rule. (b): Relative bilayer thickness, d/dy. Experimental data from Hung et
al. (44) and Pan et al. (133). d is the phosphorus to phosphorus distance in the elec-
tron density profile and dj is the thickness of the pure bilayer. (c): Lipid tail order
parameter. Experimental data from Mills et al. (136). Hlustration of the qualitative
agreement between Scc and Scy using all-atom simulations and comparison to Spr
from mesoscopic simulations. (d): Relative bending modulus, k¢ /kco, and relative
area compressibility modulus, k4/k49. Experimental data from Pan et al. (133) and
from Meléard et al. (243), extracted from fluctuations of giant vesicles observed by
microscope, and from Needham et al. (244), obtained from pipet pressurization. k¢
is the bending modulus and k¢ is the bending modulus of the pure bilayer. k4 is
the area compressibility modulus and k49 is the area compressibility modulus of the
pure bilayer.
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Figure 4.4: Comparison of the probability density distribution functions of the all-
atom simulations (black lines) with the distribution functions from the coarse-grained
simulations (blue lines) for different cholesterol mole fractions at T=30 °C. The data
are shifted three units along the vertical axis for increasing cholesterol concentration.
In the comparison we focus on the lipid phosphorous atom (solid lines) and the
cholesterol oxygen atom (dashed lines). For the mesocopic simulations we plot the
density distribution of the lipid head bead containing the phosphorous atom (middle
head bead) and the cholesterol bead containing the oxygen. The cholesterol mole
fractions are given by the numbers on the right side of the graph.

Mechanical Fig. 4.3d shows the relative area compressibility x4/, and bending
modulus x¢/k¢,. The area compressibility was computed using k4 = kgT Ay / (0A?) (245),
with A; the total bilayer area and (§A?) the mean square of the fluctuations in the
area. Given the large scatter in the experimental values (144 + 10.5 dyn/cm (244)
and 234 + 23 dyn/cm (127)), our result for pure DMPC, k4 = 250 + 50 dyn/cm,
compares reasonably well. We predict a strong decrease in area fluctuations (dA?)
when cholesterol is added, and thus a strong increase in area compressibility, in agree-
ment with experimental observations (244). To estimate the effect of cholesterol on
the bending modulus, k¢, we use the polymer brush model which relates k4 to k¢:
ke = (1/24)k4(PtP —10 A)? (127). For pure DMPC we compute r¢ = 7.542 10~%
J, which is of the same order of magnitude as the experimental value of 5-6 10~2°
J (127, 133). Our model correctly reproduces the increase in bending modulus due
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to the addition of cholesterol.

From this comparison of our mesoscopic model with experimental and all-atom
simulation data we can conclude that our very simple model reproduces, almost quan-
titatively, most structural and mechanical properties of DMPC. At this point it is
important to mention that we have also computed the diffusion coefficients for this
model. As can be expected, due to the soft-repulsive interaction these diffusion coef-
ficients are 2-3 orders of magnitude larger compared to experimental values.

4.3.2 Temperature Dependence of the Structural and Me-
chanical properties

The bilayer structural and mechanical properties strongly depend on the tempera-
ture and the composition. In addition, we can distinguish different bilayer structures
at different temperatures and compositions. Fig. 4.5 summarizes the phase behavior
of our mesoscopic system. In this text we also call the different bilayer structures
phases. Here we briefly describe the different bilayer structures to facilitate the inter-
pretation of the temperature dependence of the mechanical and structural properties
of the membrane. In a later section, we outline in detail how this phase diagram is
obtained.



79

Temperature (°C)

mol% cholesterol

Figure 4.5: Temperature-composition structure diagram of DMPC-cholesterol bilayer.
The full lines were determined using inflection points of order parameters of the phase
transition. All other regions are characterized via visual inspection of the snapshots,
some of which are shown in the figure. Lipid head and tail beads are depicted in dark
and light blue, respectively. The lipid tail end bead is depicted in grey. The cholesterol
hydrophilic and hydrophobic beads are depicted in yellow and red, respectively. The
snapshots were taken at the following conditions: T=35 °C, pure DMPC (L, phase),
T=20 °C, 10 mol% cholesterol (P4 phase), T=10 °C, 5 mol% cholesterol (L4 phase),
T=30 °C, 30 mol% cholesterol (L, phase, left), T=30 °C, 50 mol% cholesterol (L,
phase, right, with random cholesterol clusters), T=10 °C, 15 mol% cholesterol (L
phase, left), T=10 °C, 50 mol% cholesterol (L. phase, right, with pure cholesterol
patterns). The background colors depict the different phases and the broadness of
the transition between different colors represents the broadness of the transitions.

For a pure DMPC bilayer we observed a disordered structure at high temperatures
(Lq, or liquid phase), a rippled structure at intermediate temperatures (Pg ), and a
tilted and ordered structure at lower temperatures (Lg, or gel phase).

At high temperatures, we observed that the disordered bilayer structure gradually
becomes more ordered when cholesterol is added to the bilayer. This ordered structure
is called the L, phase. As temperature increases, the cholesterol concentration at
which the L, phase is formed increases as well. At intermediate temperatures, we
observe a transition from the Pg to the L, phase. At low temperatures the addition
of cholesterol results in a non tilted highly ordered structure, called the L. phase.
Larger snapshots of different bilayer structures are shown in Fig. 4.6.
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Structural Similar to the validation at 30 °C, we computed the area per molecule,
the bilayer thickness and the lipid tail order and tilt as a function of temperature and
bilayer composition.

Area per molecule Ay as a function of the bilayer composition and tempera-
ture is shown in Fig. 4.7a. In this figure isolines connect points with the same value
of Ay. At high temperatures the bilayer is in the liquid L, phase, where the tails
are disordered and have the highest value of Ay;. Ay decreases significantly if the
temperature is decreased. As cholesterol occupies a smaller area (Acpo,0=40.3 AQ)
the addition of cholesterol decreases Ayr. Addition of cholesterol decreases the tem-
perature dependence of Ay. At low temperatures, in the gel phase, the effect of
cholesterol on the area is much weaker.

Needham et al. (244) used micropipet aspiration of giant unilamellar vesicles to
determine changes in area as a function of temperature (see Fig. 4.7b). Needham
et al. report a typical S-shape with a sudden decrease in bilayer area around the
main transition temperature Ty,. This S-shape is also reproduced by our simulations,
although less steep. When 25 mol% cholesterol is added to the bilayer, the S-shape in
the experimental curve disappears, the transition area is much smaller and below T),
the temperature hardly affects the area anymore. As the cholesterol concentration is
further increased to 50 mol%, the experimental curve shows no S-shape anymore and
becomes almost flat. Our simulations nicely reproduce this experimental trend.
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Figure 4.6: Snapshots of a side view of the bilayer. (a) L, phase for 10% cholesterol
at T = 37°C. (b) L, phase for 40% cholesterol at 37°C". (c) Ripple (Ps ) phase for 5%
cholesterol at T = 20°C'. (d) Lg phase for 5% cholesterol at T = 5°C. (e) L. phase
for 15% cholesterol at T = 5°C. (f) L. phase for 40% cholesterol at T = 5°C. The
hydrophilic and the hydrophobic beads of the phospholipids are depicted in dark blue
and in light blue, respectively. The end beads of the lipid tails are depicted in gray.
The cholesterol headgroup is depicted in yellow, the cholesterol tetrameric ring and
tail beads are depicted in red. For clarity, water beads are not shown. The difference
in the width of the bilayers illustrates the condensation effect nicely.
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Figure 4.7: (a): Area per molecule, in A% simulated with the mesoscopic model as
a function of temperature and cholesterol concentration. (b): Comparison of the
relative areas of bilayers containing 0, 25 and 50 mol% cholesterol, as a function
of temperature, obtained from heating/cooling micropipet experiments by Needham
et al. (244) and from our mesoscopic simulations. For the pure DMPC bilayer,
Ag is the area at the main transition temperature. For bilayers containing 25 and
50 mol% cholesterol, Ay is the area at 20 °C. (c¢): Simulated condensation effect,
in A2, defined as the difference between A,; simulated with the mesoscopic model
and AIM calculated according to the ideal mixing rule, as function of temperature
and cholesterol concentration. (d): Experimental condensation effect estimated from
the relative areas reported by Needham et al. (244) and absolute areas reported by
Hung et al. (44).
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Condensation effect An interesting property of cholesterol is its condensation
effect (44, 232, 246). Cholesterol causes the area per molecule to decrease much more
than one would expect on the basis of ideal mixing: A{M = (1 — x)Apco + TAchoLo,
where Ay and Acholo are the area per pure lipid and cholesterol, respectively.

Fig. 4.7c shows the influence of the temperature on the condensation effect. At
low cholesterol concentrations the condensation effect is small and does not depend
on temperature. We find a strongly condensed region above the main transition of
pure DMPC for cholesterol concentrations above 20 mol%. This condensation gap
has not been measured directly. Interestingly, one can find indirect proof of this gap
by combining the relative area measurements of Needham et al. (244) with the abso-
lute values of A,, obtained by Hung et al. (44). Fig. 4.7d shows a clear condensation
gap for these combined data at similar conditions as our mesoscopic model. Quan-
titatively, the experimental maximum condensation effect is about 4 A2 higher than
simulated and located at lower cholesterol concentrations, indicating that our model
slightly underestimates the strength of the condensation effect. Apart from this, the
agreement is surprisingly good. In Sec. 4.4 we present a discussion on the molecular
mechanism of the cholesterol condensation effect.

Bilayer Thickness In Fig. 4.8a the relative bilayer thickness, defined as the
phosphorous to phosphorous (PtP) distance divided by the PtP distance of pure
DMPC at 30 °C', is shown as a function of temperature and cholesterol content for
the DMPC-cholesterol bilayer. The behavior is similar to the area per molecule. For
pure DMPC we observe a strong temperature dependence around T),. The addition
of cholesterol smoothens out the temperature dependence of the bilayer thickness.
At high temperatures, cholesterol increases the bilayer thickness, while at low tem-
peratures, cholesterol does not affect the bilayer thickness much. Thus, the bilayer
thickness depends on the relative importance of two different effects: the swelling of
the bilayer when the temperature is decreased and the swelling of the bilayer when
cholesterol is added.

Little experimental data is available for the bilayer thickness and the effect of
cholesterol on the bilayer thickness is still subject to debate. The main transition of
a pure DMPC bilayer is accompanied by a sudden increase in bilayer thickness, and
small amounts of cholesterol do not seem to influence this bilayer swelling significantly
(247). This is confirmed by our simulation results. Also, it was observed for a
DPPC-cholesterol bilayer that, above 25 mol% cholesterol, the bilayer is thicker in
the fluid phase and thinner in the gel phase than the pure DPPC bilayer (171). This
is exactly what we compute. Several studies such as the neutron diffraction study
of Léonard et al (248) mention an increase of the hydrophobic thickness by 3-4 A
when cholesterol is added to the DMPC bilayer, independent of the temperature. We
clearly simulate a cholesterol dependence of the hydrophobic thickness that does also
depend on the temperature. It was also recently reported that the cholesterol-induced
bilayer swelling is not observed in vivo (19).
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Figure 4.8: (a): Bilayer thickness, relative with respect to the cholesterol-free bilayer
thickness at 30 °C, as function of cholesterol concentration and temperature, in °C.
(b): Average lipid tail order (Spr). (c): Lipid tail tilt (Sri74). (d): Membrane
bending modulus, relative with respect to the cholesterol-free membrane modulus at

30 °C.
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Lipid Tail Order and Tilt The average tail order parameter is shown in
Fig. 4.8b as a function of the bilayer composition and the temperature for the DMPC-
cholesterol mixture. At high temperatures, the average order of the lipid tails in-
creases steadily when cholesterol is added to the bilayer. At low temperatures, choles-
terol does not really seem to affect the order parameter much. At intermediate tem-
peratures the lipid tail order increases up to a given cholesterol concentration after
which it remains rather constant.

The temperature and composition dependence of the average tail tilt is quite
similar. This is shown in Fig. 4.8c. The only qualitative difference is that at low
temperatures cholesterol concentrations ranging from 0 to 30 mol% also increase the
tilt parameter, which corresponds to a decrease in lipid tail tilt. The tilt parameter
is defined as 257174 = | (3cos? a — 1) |, with « being the angle between the first and
the last tail beads and the bilayer normal.

Systematic qualitative experiments have been performed by Wilson-Ashworth et
al (249) for the DPPC-cholesterol mixture. Their results can be summarized as follow:
above the main phase transition temperature cholesterol induces an ordering, which
is comparable to the order of pure DPPC between the main and the pre-transition
temperature. Between the main and the pre-transition temperature cholesterol in-
duces ordering comparable to the order of the pure DPPC below the pre-transition
temperature. Below the pre-transition temperature cholesterol does not seem to affect
the order. Qualitatively this is exactly what we simulate.

The ordering effect of cholesterol above T), is agreed upon in the literature. This
is not the case for the ordering effect of cholesterol below T),. Shimshick et al (250)
report a slight increase of the average tail order parameter with increasing cholesterol
concentration, at temperatures below Tj,. The lower the temperature, the smaller
the cholesterol range over which the biggest increase of Syy;r occurs. This is not
in agreement with the results of Ipsen et al (143), who report a decreasing order
parameter with increasing cholesterol concentration.

In a DMPC-cholesterol and in a DPPC-cholesterol mixture, a phase was observed
below the pre-transition temperature Tp where the lipid chains are less tilted than
in the Ly phase (139, 177). Karmakar et al (139) called this phase the Ps phase.
However, experimentally, no agreement has been reached over the exact cholesterol
content interval over which this phase occurs. Karmakar et al (139) mention a pure
Ly phase up to 2 mol% cholesterol, a coexistence of Ly and Ps between 2 and 13
mol% cholesterol, and a pure Ps phase between 13 to 21 mol% cholesterol. Knoll et al
(177) observe a strong decrease of the lipid tail tilt between 8 and 24 mol% cholesterol.
In our simulations, for a pure DMPC bilayer, the value of the tilt parameter in the
Ly is around 0.71, corresponding with a tilt of approximately 26°, which compares
well with the most recent experimental estimate of 32.3° (128). Between 0 and 25
mol% cholesterol the value of the tilt parameter increases up to 0.9, corresponding
with a tilt angle of of approximately 15°. Thus, our model correctly predicts the
decrease in tilt in the gel phase due to the addition of cholesterol.
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Mechanical Fig. 4.8d shows the membrane bending modulus, relative to the cholesterol-
free membrane modulus at 30 °C, as function of the composition, and over the
temperature range 24-40 °C, i.e., above the main transition temperature of DMPC,
which is 24 °C. In this temperature range, the bending modulus of DMPC is hardly
temperature-dependent. At a constant temperature of, for example, 26 °C, addition
of cholesterol results in an increase of the bilayer bending modulus. For example, 30
mol% cholesterol multiplies the bending modulus by a factor of 5. With increasing
temperature, however, this effect of cholesterol strongly decreases, and at 40 °C the
addition of 40 mol% cholesterol multiplies the bending modulus only by a factor of 2.
This is in good agreement with the factor 2.5, measured experimentally by Meléard
et al. (243). This is shown in Fig. 4.3d.

4.3.3 Temperature Dependence of the Lateral Organization
of Cholesterol

In Figures 4.9-4.11, the bilayer hydrophobic thickness variations and the local
cholesterol concentrations are shown at various cholesterol concentrations for dif-
ferent temperatures. The lateral organization of cholesterol is difficult to measure
experimentally, but is important for the interpretation of some experiments and for
the modeling of cholesterol-lipid interactions (219).

At T=30 °C (Fig. 4.9), when pure DMPC is well in the liquid phase, there are
only small and local variations in bilayer thickness. This remains so when cholesterol
is added to the bilayer. There are very small regions with and without cholesterol.
Dips in the fluorescence intensity as function of cholesterol concentration have often
been presented as evidence for a regular distribution of cholesterol on a fixed hexag-
onal superlattice in DMPC bilayers. This regular distribution implies that every
cholesterol molecule has a preferential location in the plane of the membrane with
respect to the other cholesterol molecules. A dip is observed at, for example, 20 mol%
cholesterol (167-169). However, we could not observe any form of regular cholesterol
distribution in our simulations. At higher cholesterol concentrations, i.e., when the
bilayer is in the liquid-ordered phase, small dynamical cholesterol clusters are present.

Experimentally, it would be very difficult to detect such small cholesterol clusters.
From the analysis of fluorescence resonance energy transfer data, Troup et al. (181,
182) concluded that cholesterol clusters exist in the DMPC bilayer with 40 mol%
cholesterol, above the main phase transition temperature of pure DMPC. Using all-
atom simulations, Dai et al. (219) did not observe clustering of cholesterol, but their
cholesterol content was never higher than 20 mol% cholesterol. It might well be that
part of the cholesterol clustering we observe is related to the slight underestimation
of the cholesterol condensation effect.

At T=21 °C (Fig. 4.10) the hydrophobic thickness variations (20 A for the thin
and 29 A for the thick part) illustrate the ripple phase at 0% cholesterol. Due to the
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addition of cholesterol the ripples gradually disappear. In the rippled phase, there
seems to be a slight preference of cholesterol for the thicker bilayer domains. In the
liquid-ordered phase small dynamical cholesterol clusters appear. The disappearance
of the ripple phase around 20 mol% cholesterol and the preference of cholesterol for
the thicker bilayer domains is in agreement with the experimental observations of
Mortensen et al. (217).

At T=10 °C (Fig. 4.11) the pure DMPC bilayer is well in the gel phase. At high
cholesterol concentrations cholesterol forms larger clusters. It is also more likely to
find a cholesterol molecule in both layers at the same position.
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Figure 4.9: Hydrophobic thickness variation, in A, and local mole fractions, for T=
30 °C, at various cholesterol concentrations (0 (a), 10 (b), 20 (c), 30 (d), 40 (e), 50
(f)). The figure shows a top view of the bilayer in which the lines and numbers give
the thickness and the colors the local cholesterol concentration. Blue indicates that
both layers contain only lipids and red indicates that both layers contain a cholesterol.
The axis are in A.
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Figure 4.11: Hydrophobic thickness variation, in A, and local cholesterol mole frac-
tions, for T= 10 °C, at various cholesterol concentrations (0 (a), 10 (b), 20 (c), 30
(), 40 (e), 50 (F)).

4.3.4 Temperature-Composition Structure Diagram

Ideally, one would use a change in the enthalpy as a signature for a phase transi-
tion. However, for our system, molecular simulations of the heat capacity signature
of DSC experiments are very difficult due to the large bulk water contribution. As an
alternative we used order parameters of the phase transition, which are parameters
of which the value significantly changes during a phase transition. For this system,
the area per molecule, the bilayer thickness, and the tail order and tilt parameters
were considered as order parameters of a phase transition. We defined the inflection
points of the curves of the temperature dependence of the order parameters as the
boundaries between the phases. For pure DMPC, heating and cooling simulations
were performed to check the reversibility of the phase transitions. The rate of heat-
ing and cooling was 1 °C per simulation. For the main transition no hysteresis was
observed, while for the pre-transition a slight hysteresis (AT = 41 °C) was present.
For the DMPC-cholesterol bilayers only cooling simulations were performed. For the
transitions L, — Pg, Lo, — Lo, Py — Lg, and Ly — Lg we could observe a
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clear inflection point. All other regions were identified by visual inspection of the
snapshots.
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Figure 4.12: Effect of cholesterol on the main and the pre-transition temperature
of a DMPC bilayer. The experimental data were obtained from differential scanning
calorimetry by Halstenberg et al. (111) and from deconvolution of the main transition
temperature DSC peak by McMullen et al. (119). The open symbols are the results
of the simulations using the temperature-composition position of the inflection points
of the curves representing the values of the area per molecule, lipid tail order, lipid
tail tilt, and bilayer thickness as a function of temperature, at a given cholesterol
concentration.

Fig. 4.12 collects the inflection points of these different order parameters as a
function of cholesterol composition. Within the accuracy at which these inflections
points can be determined, all order parameters give similar results. At low cholesterol
concentrations, we observed a relatively sharp inflection. For concentrations above
20% cholesterol this transition became much more gradual. For the L, — Py and
L, — L, transitions, our data nicely follow the DSC experiments by Halstenberg
et al. (111) and McMullen et al. (119). The temperature at which the heat capac-
ity peak is maximal remains approximately constant until 10-15 mol% cholesterol is
added, after which the temperature increases. At 15 mol% cholesterol, the DSC peak
broadens and a gradual transition or a crossover to the L, phase takes place and the
main transition enthalpy approaches zero between 40 and 45 mol% cholesterol. Also
for the pretransition our results are in very good agreement with the DSC experiments
of McMullen et al. (119).
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It is instructive to compare our phase diagram (Fig. 4.5) with the experimental
ones shown in Fig. 4.1. The effect of cholesterol on T); in the structure diagram
of Recktenwald et al. (218) (see Fig. 4.1b), obtained with fluidity measurements, is
very similar to the effect observed by the DSC experiments and our simulations. In
contrast, the structure diagram of Mortensen et al. (217) (Fig. 4.1a) shows a slight
decrease of the temperature of the transition from the L, to the Py structure, up to
20 mol% cholesterol.

The DPPC-cholesterol phase diagrams (145, 171, 251-253) show some qualitative
agreements with the DMPC-cholesterol diagrams (119). In fact, for our mesoscopic
model the difference in tail length between DMPC and DPPC is too small to be de-
scribed by the addition or removal of an extra tail bead. Vist et al. (171) (Fig. 4.1c)
observed a decrease of the main phase transition up to 8 mol% cholesterol, followed
by a liquid-liquid immiscible region. We do not observe such a liquid-liquid immisci-
bility gap. However, the gradual transition of the L, to the L, phase might explain
the broadening of the NMR signal (171). Recent X-ray scattering experiments also
concluded that liquid-liquid immiscibility is not present in the DPPC-cholesterol sys-
tem (179).

Below the main-transition temperature, the addition of cholesterol induces a grad-
ual transition from a Py to a L, phase. Our mesoscopic simulations indicate that the
ripple phase exists up to 20 mol% cholesterol, in agreement with the experiments of
Mortensen et al. (217) (see Fig. 4.1a). Vist et al. (171) (Fig. 4.1c) observe the coex-
istence of gel and L, phase; however, recent X-ray scattering experiments concluded
that gel-L, immiscibility is not present in the DPPC-cholesterol system (179). We
do not find evidence from our simulations for this coexistence. It might be that the
change in NMR signal, which lead Vist et al. (171) conclude that immiscibility of
two phases might be present, is due to the presence of small ripples, as observed in
our simulations. The term liquid-ordered phase was introduced (254) because it was
experimentally observed that, although the lipid tails in the L, phase were highly
ordered, the diffusion coefficient was, although lower, still of the same order of mag-
nitude as in the L, phase (149), and surface shear rigidity was absent (244). The
DSC experiments and our simulations show that cholesterol increases the L, — L,
transition temperature, which is a natural continuation of the main phase transition
line, with the L, phase at the gel-side of the crossover.

As mentioned previously, DSC experiments indicate that the pre-transition tem-
perature decreases when up to 6 mol% cholesterol is added and thereafter disappears.
The pre-transition, as obtained from DSC experiments, is interpreted as the transition
from the Py to the Lz phase (252). Above 6 mol% cholesterol no significant change in
enthalpy was observed. If we compare this with our phase diagram, at approximately
these conditions we observe a transition from the Pg to the Ly and a transition from
the Ly to the Lo phase. In the Ly phase we observe that the tilt order decreases
as a function of temperature, while in the L. phase the tilt order increases. This
behavior gives a very interesting temperature dependence at 10 mol%, in which we
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observed three inflection points. The simulated L phase, in which the lipid chains
are less tilted than in the Ly phase, was also experimentally observed (177, 179).

4.4 The Cholesterol Condensation Effect

Let us now address a seemingly simple thermodynamic question: how does the
area per molecule of a phospholipid membrane change if we add cholesterol? This
question was first posed by Leathes (246) in 1925 and is still being discussed today.
The significance of this question relates directly to the importance of cholesterol for
the functioning of membranes of higher eukaryotes. For example, cholesterol regu-
lates the fluidity of the membrane and modulates the function of membrane proteins.
Understanding these mechanisms has motivated many researchers to investigate the
lipidcholesterol interactions in detail. Because a membrane can be seen as a two-
dimensional liquid, a first estimate of how the area per molecule would change upon
the addition of cholesterol would be to assume ideal mixing, where the area per
molecule is simply a weighted average of the pure-components areas. In 1925 Leathes
showed that, instead of ideal mixing, one observes a striking nonideal behavior (246).
This nonideal behavior is called the condensing effect because the area per molecule
is much lower compared with ideal mixing. Because a membrane behaves as an in-
compressible fluid, a decrease of the area per molecule will result in a corresponding
significant increase of the total thickness of the bilayer. Such an increase of the thick-
ness signals a reorganization of the structure of the membrane. Because changes
in the structure of the membrane may have important consequences for the func-
tioning of proteins, it is important to have a better molecular understanding of the
cholesterol-induced changes.

Different conceptual models have been proposed to explain the nonideal cholesterol-
lipid interactions. Examples include the condensed-complexes model (255, 256), the
superlattice model (169), and the umbrella model (234). The condensed-complexes
model explains the condensation effect by assuming that cholesterol induces the re-
versible formation of a stoichiometric cholesterol-lipid complex. In such a complex
the membrane is condensed as the lipid acyl chains are more ordered. At a given
cholesterol concentration, an equilibrium composition exists between these condensed
cholesterol-lipid complexes and ordinary lipids. The superlattice model assumes that
at critical concentrations the cholesterol molecules exhibit a specific long-ranged or-
der. The umbrella model takes the point of view that the hydrophilic part of choles-
terol is too small and therefore the lipids need to contribute to the screening of the
cholesterol molecules from hydrophobic interactions with water. The phospholipids
can only create this umbrella if these molecules straighten to make space for choles-
terol. In these models the underlying mechanisms leading to condensing are very
different. Interestingly, a recent experimental study concluded that their data sup-
ported the condensed-complexes model (257), whereas another set of experiments
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did not find any indication of the condensed complexes and supported the umbrella
model (235). These differences in insights motivated us to use our molecular simula-
tions to shed some light on the lateral organization of cholesterol in lipid membranes
and the underlying lipid-cholesterol interactions that induce the condensation effect.

Fig. 4.7¢c shows that the condensation effect is maximal at a temperature just
above the main transition. The reason is that at these conditions the pure bilayer is
in a liquid-disordered state, whereas the addition of cholesterol to the bilayer trans-
forms it into a liquid-ordered phase, which has an area per lipid that is much smaller
compared to the liquid-disordered state. This large difference causes a large condensa-
tion effect. At higher temperatures, the liquid phase remains stable for all cholesterol
concentrations, giving a much smaller condensation effect. At lower temperatures,
the pure lipid bilayer has an area per lipid that is much closer to the area per lipid
of the liquid-ordered phase, and as a result the condensation effect is far less.

The above results indicate that the condensation effect is a direct consequence of
particular changes in the phase behavior that cholesterol is inducing. In the literature
there are various speculations about those aspects of the cholesterol structure that
are specifically responsible for its condensing effect. For example, the umbrella model
is based on the notion that compared with phospholipids, the hydrophilic part of
cholesterol is much smaller and needs the phospholipid, as an umbrella, for additional
screening from interactions with water. This suggests that an additional hydrophilic
group would change the properties completely. Another important factor is the bulky
ring structure; if we replace the ring by a tail we obtain a molecule that resembles
more an alcohol molecule. However, shortening the hydrophobic tail would have little
effect. Fig. 4.13a shows the modified cholesterol molecules that mimic these changes:
one in which we decrease the hydrophobic tail length (see Fig. 4.13(i)), one in which
we add an additional hydrophobic group (see Fig. 4.13(ii)), and one in which we
replace the ring by a simple chain (see Fig. 4.13(iii)).
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Figure 4.13: (a) To study the effect of change in the chemical structure of cholesterol
we introduce three new molecules in which we change the hydrophobic-hydrophilic
balance of cholesterol. (i) Cholesterol with a shorter tail length. (ii) Cholesterol that
is more hydrophilic. (iii) Cholesterol that is less hydrophobic. The model contains hy-
drophobic (white) and hydrophilic (black) beads that are connected with springs and
bond-bending potentials. (b) Area per molecule as a function of the cholesterol con-
centration for the molecules shown in (a). We compare our simulation results with the
ideal mixing estimates. This estimate is given by AfM = (1—2)Apco+2Acnol0, Where
Apeo and Acpolo are the area per pure lipid and (modified) cholesterol, respectively.
The simulations were at T = 30 °C. Effect of changes of the cholesterol hydrophobic-
hydrophilic balance; the circles are for cholesterol in which the hydrophilic part is
increased (ii), the squares are for cholesterol with a decreased hydrophobic part (iii),
and the triangles are for cholesterol with a shorter tail length (i).

Indeed, the results in Fig. 4.13b show that shortening the tail of cholesterol shows
the same condensation effect. However, Fig. 4.13b shows that for both other mod-
ifications of the cholesterol molecule, adding an additional hydrophilic group and
replacing the ring by a linear chain, no condensing effect is observed. We observe
the opposite effect: adding these molecules causes the bilayer to become more ex-
panded compared with ideal mixing. The effect of (smaller) alcohols on the area per
molecule has been measured experimentally, and the experimental data also show an
increase (258). Closely connected to this, we observed that for both cases in the phase
diagram the liquid phase was stable over the entire concentration range. In fact, we
observe that adding these molecules decreases the main transition temperature, and
hence there is no region in the phase diagram where there is a large condensation
effect.

Simulations with these structural variations of cholesterol indicate how surpris-
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ingly subtle the mechanism is. The main transition in a pure bilayer is very sensitive
to the hydrophobic interactions. The headgroups of the lipids screen the hydropho-
bic tails from the water. At high temperatures, the area per lipid is high, and this
screening is far from optimal; but at these conditions the chain entropy dominates.
Decreasing the temperature makes it increasingly important to screen the hydropho-
bic interactions and at the main transition eventually induces an ordering of the
chains. A key aspect is to understand how cholesterol destabilizes the liquid phase.
Cholesterol has a smaller hydrophilic head and is therefore less efficient in shielding
the hydrophobic interactions. At high temperatures, the lipid bilayer can accommo-
date this, but at lower temperatures the lipids can only contribute to the screening
of the cholesterol by decreasing its area per lipid. This causes the observed ordering
and explains why the main transition increases. The two changes we introduced to
the cholesterol structure influence its hydrophobic screening; in both variants the in-
trinsic undershielding of cholesterol disappears. If these molecules are added to the
bilayer, there is no need for additional screening of the hydrophobic interactions, and
these molecules prevent the formation of an ordered phase.

Let us compare our observations with the previous models that have been intro-
duced to explain the condensation effect. First, our model does not give any indication
of long-range ordering as is assumed in the superlattice model. Implicit in both the
umbrella model and the condensed complexes is the assumption of some kind of lo-
cal organization. For example, in the umbrella model it is assumed that one lipid
molecule could screen one or two neighboring cholesterol molecules (see e.g., (259)).
Our simulations show a much more disordered structure in which we cannot identify
these ordered structures. At this point it is important to recall that our model con-
tains many assumptions, and this raises the question of whether the conclusions we
draw from our simulations are relevant for the experimental systems.
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Chapter 5

Molecular Simulation of the Effect

of Cholesterol on Lipid-Mediated
Protein-Protein Interactions

Experiments and molecular simulations have shown that the hydrophobic mis-
match between proteins and membranes contributes significantly to lipid-mediated
protein-protein interactions. In the present chapter, we discuss the effect of cholesterol
on lipid-mediated protein-protein interactions as function of hydrophobic mismatch,
protein diameter and protein cluster size, lipid tail length, and temperature. To do
so, we study a mesoscopic model of a hydrated bilayer containing lipids and choles-
terol in which proteins are embedded, with a hybrid dissipative particle dynamics
- Monte Carlo method. We propose a mechanism by which cholesterol affects pro-
tein interactions: protein-induced, cholesterol-enriched or cholesterol-depleted lipid
shells surrounding the proteins affect the lipid-mediated protein-protein interactions.
Our calculations of the potential of mean force between proteins and protein clusters
show that the addition of cholesterol dramatically reduces repulsive lipid-mediated
interactions between proteins (protein clusters) with positive mismatch, but does not
affect attractive interactions between proteins with negative mismatch. Cholesterol
has only a modest effect on the repulsive interactions between proteins with different
mismatch.

5.1 Introduction

The detection of an increasing number of transmembrane proteins in submicrometer-
sized clusters (31, 32, 40, 42, 45) with organization that strongly depends on the mem-
brane composition (e.g. lipid tail length (31, 32, 42), or cholesterol content (31, 33, 46—
50)) has seriously challenged the idea that individual proteins freely diffuse in a passive
biological membrane (260) and only interact via direct protein-protein interactions.
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Understanding the role of the membrane in the interactions between membrane pro-
teins has become an active area of research (11, 261).

In these studies, hydrophobic mismatch, i.e., the difference, d, between the length
of the hydrophobic region of the protein and the bilayer hydrophobic thickness, has
been frequently invoked as an important physical property that regulates lipid-protein
and lipid-mediated protein-protein interactions. For example, several studies have
shown that modulations of the bilayer thickness, protein tilting, protein functioning,
and protein aggregation strongly depend on the protein hydrophobic mismatch, on
the protein diameter, and on the lipid properties (11, 19, 38, 39, 80, 81, 201-204,
209, 210, 262-270). The concept of hydrophobic mismatch has therefore significantly
contributed to the insight that lipids and proteins show a collective behavior.

Theoretical studies on protein-lipid and indirect protein-protein interactions in-
vestigate mostly single-component bilayers. Several models also exist of membrane-
mediated organization in lipid membranes containing two types of lipids or two
phases (271-273). Examples are the lipid-annulus model (271) and the wetting and
capillary condensation model (272). These models show that a preferential interac-
tion between the proteins and a specific lipid or phase might lead to a clustering of
the proteins.

In this chapter, we present a molecular simulation study of the effect of cholesterol
on protein-lipid and lipid-mediated protein-protein interactions. Cholesterol has a
significant effect on protein aggregation (31, 33, 45-50) and on a wide range of other
membrane processes involving proteins (274-276). These effects are intimately related
to various diseases (51).

Different mechanisms have been identified to explain why cholesterol affects the
proteins. For many proteins the exact mechanism remains unclear. In general, these
mechanisms have been strongly related to the partitioning of proteins in cholesterol-
rich or in cholesterol-poor regions (155, 277). Three fundamentally different but not
mutually exclusive mechanisms have been proposed (51, 155, 277):

e Many proteins have been observed to have a specific sterol-sensing domain (278).
As a result, proteins and cholesterol interact preferentially and directly with
each other, leading to a partitioning of proteins in cholesterol-rich regions.

e Indirect attractive protein-cholesterol interactions could originate from a pref-
erential interaction between a smooth protein surface and the rigid cholesterol
tetrameric ring. Proteins might be expelled from sterol rich domains when the
opposite is true (279).

e The presence of cholesterol induces changes in the bilayer material and bio-
physical properties, which could influence the protein-lipid and protein-protein
interactions (31, 33, 49).

The third mechanism is the most frequently invoked. For example, in model mem-
branes, cholesterol-rich regions might have an increased area compressibility modulus,
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which could lead to a partitioning of the membrane components (170, 275, 277). The
chain ordering and bilayer thickening effect of cholesterol could lead to hydrophobic
mismatch between the hydrophobic part of the protein and the bilayer or change the
hydrophobic mismatch conditions such that lipid-mediated protein aggregation takes
place (31, 33, 49). This mechanism is illustrated in Fig. 1.5.

Experiments indicate that the effect of cholesterol on the bilayer properties strongly
depends on lipid type and temperature (134). For example, at physiologically relevant
temperatures, the effects of cholesterol are smaller on unsaturated lipids compared
to saturated lipids (134). Moreover, in real biological membranes, the addition of
cholesterol does not seem to modify the membrane thickness (19). Interestingly, the
increased protein aggregation in the presence of cholesterol has been observed in sat-
urated bilayers (49), in unsaturated lipid bilayers (31, 33, 47), and in real membranes
(46, 48, 50). The fact that cholesterol promotes protein clustering in different types
of bilayers, but that its effect on structural and mechanical properties is not universal
indicates that there might be another mechanism. Moreover, protein clusters have
been observed to be enriched in cholesterol (46), which is not accounted for by mecha-
nisms implying a change in bilayer properties, although there might be a combination
with the indirect or direct cholesterol-protein interaction mechanisms.

The mechanism implying a change of the bilayer properties focuses solely on the
effect of lipids on the organization of proteins, while in reality there should also be
a strong effect of proteins on the distribution of the lipids and on the properties of
the bilayer, as proteins make up to 50 mass% of the membrane. In this context
the hypothetical concept of a lipid shell, a lipid domain surrounding a protein and
induced by the latter, was introduced (155, 280). Lipid shells might extend up to
10 nm from the protein surface, might be enriched or depleted in cholesterol, do
not need to form a separate phase and exist as mobile entities in the plane of the
membrane. Lipid shells should not be confounded with the first-shell lipids (281) or
the lipid annulus (271, 280), which is the first layer of lipids surrounding the proteins
due to direct or indirect chemical and physical interactions. Multiple ways have been
proposed in which shells might form, for example, due to hydrophobic mismatch
between protein and lipids (155).

Recent experiments indicate that model proteins with positive mismatch, when
embedded in a bilayer containing DMPC and cholesterol, are surrounded by a cholesterol-
enriched region, while less cholesterol is observed around proteins with a smaller hy-
drophobic length (20). This experiment supports the shell hypothesis. Similarly,
Epand et al has reported several experimental studies indicating a protein-induced
formation of cholesterol-rich domains (282-284). It thus seems that there might ex-
ist another mechanism by which cholesterol affects protein-protein interactions: the
lipid shell mechanism. When cholesterol is added to a bilayer, certain proteins might
induce a cholesterol-enriched or cholesterol-depleted lipid shell and those lipid shells
might subsequently affect the interactions between the proteins.

Experimentally it would be a difficult task to distinguish between the different
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mechanisms. Atomistic simulation studies identified specific cholesterol-sensing do-
mains of certain proteins (278). However, for a systematic study of the collective
behavior of lipids and proteins within a reasonable simulation time, a mesoscopic
approach is required.

In this chapter we build on the developed coarse-grained model of a hydrated
bilayer containing a phospholipid and cholesterol and in which peptides are embed-
ded (71, 80, 232, 285). We systematically study the effect of cholesterol on the
interactions between proteins. In particular, we use the flexibility of our model to
study the effect of cholesterol at conditions where cholesterol hardly changes the prop-
erties of the bilayer and at conditions where cholesterol has a larger influence on the
bilayer properties. We compute the potential of mean force between two proteins
with positive mismatch in a bilayer with and without 40 mol% cholesterol at different
temperatures and provide evidence for the lipid shell mechanism.

5.2 Model and Simulation Methods

Previously, Kranenburg et al. and Venturoli et al. developed a mesoscopic model
of a hydrated lipid bilayer and transmembrane proteins, respectively (61, 71, 80).
The phase behavior of the saturated lipid model and the adaptation of the bilayer
and the protein to hydrophobic mismatch agree very well with the experimental ob-
servations (61). In Chapter 3, we used this mesoscopic model to study the free energy
of lipid-mediated interactions between two proteins as a function of hydrophobic mis-
match and protein diameter (210) and in Chapter 4 we extended this model of a
hydrated lipid bilayer to include cholesterol (232). This model correctly describes
the effects of cholesterol on the mechanical and structural properties of a saturated
phosphatidylcholine bilayer and reproduces the main features of the experimental
cholesterol-saturated lipid phase diagram. In this chapter, we combine the meso-
scopic models of water, lipid, cholesterol, and protein. The model is summarized in
Fig. 5.1.

The mesoscopic model was studied using a hybrid DPD-MC method. Simulations
were performed in the NP, ~yT ensemble, with v = 0. For a detailed description of
the simulation method and its applications, we refer to Chapter 2 and to relevant
articles (71, 80, 100, 210). All simulations were performed in bilayers containing
approximately 3,000 lipid or cholesterol molecules. For every cholesterol or lipid
molecule, we have 25 water beads.

For the simulations we use a reduced temperature. The relation with the physical
temperature can for example be estimated from comparison with experimental main
and pre-transition temperatures. For hg(t4)s one obtains T=108.75T,-8.6, with T, the
reduced temperature and T the Celsius temperature (285). For hs(5)2 one obtains
T=133T,-33 (80). For phospholipid-cholesterol systems it is useful to present the
results as function of AT=T-T,,, with T,, the reduced temperature at which the
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Figure 5.1: Coarse-grained model and soft-repulsive interaction parameters. (a) Snap-
shot of a model bilayer containing phospholipids and cholesterol and in which two
proteins are embedded. Water (type w) is not shown for clarity. The protein hy-
drophilic (type h) and hydrophobic (type p) beads are depicted in yellow and orange,
respectively. (b) Coarse-grained model of a hs(t5)2 phospholipid. Hydrophilic head
beads (type h) are depicted in dark blue, while the hydrophobic tail beads (type t)
are depicted in light blue. (¢) Coarse-grained model of cholesterol. The hydrophilic
(type h) and hydrophobic (type t) beads are depicted in black and red, respectively.
(d) Table with the soft-repulsive interaction parameters a;; between the four types
of beads: water (w), hydrophilic (h), hydrophobic (t) and hydrophobic protein bead

(p)-

main phase transition of the bilayer takes place. Ty, 1;(1,),=0.32 and T, (15, =0.42.

5.3 Results

5.3.1 Effect of Cholesterol on Lipid Bilayer

It is useful to briefly review some aspects of the temperature-dependence of the ef-
fects of cholesterol on a phospholipid bilayer. In Fig. 5.2 a, the partial phase diagram
is shown for a h3(t4)s-cholesterol system (285) (see Chapter 4). At high temperatures,
the hs(t4)2 bilayer is in a liquid-disordered phase, while below the main phase tran-
sition temperature (T,,) the bilayer is in a rippled gel phase. Addition of cholesterol
above T, results in a gradual transition (crossover) of the liquid-disordered phase to
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a so-called liquid-ordered phase. At sufficiently high temperatures the bilayer remains
in the liquid-disordered phase.
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Figure 5.2: (a) Simulated partial phase diagram of hs(t4)s-cholesterol (232, 285),
with T, the main phase transition temperature. b) Effect of cholesterol on the
properties of a phospholipid bilayer at different temperatures AT=T-T,,. Data are
reported for 0 and 40 mol% cholesterol. The data for h3(t4)s and hs(ts)s are obtained
from simulations, the data for DMPC, DOPC and BPM are experimental (19, 134,
286). DMPC and DOPC bilayers are examples of model saturated and unsaturated
membranes, respectively, while BPM (basolateral plasma membrane) is an example
of a real membrane. T,, prrpc=24°C, T, popc=-17°C. notes: (*) data for 30 mol%
cholesterol, (+) distance between the hydrophobic beads linked to the hydrophilic
ones, (1) first moment (10~* Hz) of NMR spectrum, which is proportional to the tail
order parameter, (-) no data available.

The effect of cholesterol on the bilayer hydrophobic thickness, average lipid tail
order, and bilayer bending modulus is shown in Fig. 5.2 b for three different temper-
atures above T,,. For AT=T-T,,=0.03, cholesterol significantly increases all three
parameters due to the transition to the liquid-ordered phase. For AT=0.1, the effect
of cholesterol on the bending modulus is strongly reduced, and for AT=0.38 the effect
on all three parameters is much weaker. As shown in Fig. 5.2 b, similar trends have
been observed experimentally, for example, for the DMPC-cholesterol system (285).

These different temperatures allow us to separate the different effects of cholesterol
on the interactions of proteins. At high temperatures, cholesterol has very little effect
on the properties of the bilayer. Experimentally this would correspond to a high-
temperature DMPC bilayer. Or, if we use a different mapping of our mesoscopic
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parameters, to those types of bilayer for which the addition of cholesterol has little
effect (for example, strongly unsaturated lipid bilayers and real membranes (19)).

5.3.2 Protein Clustering

To explore the effect of cholesterol on the interactions between small transmem-
brane proteins, we simulated a system consisting of 49 small (diameter: 13.5 A)
proteins inserted in a large hs(ts)s bilayer of 100 nm? at AT=0.28. The proteins
have a positive mismatch of 3.5 A. Initially, the proteins were located at a maximal
distance from each other on a square lattice. Figs. 5.3 a and b show snapshots after
10° DPD-MC cycles, which corresponds to approximately 0.1 to 0.4 ms (69). With-
out cholesterol relatively small protein clusters form (Fig. 5.3 a), while with 40 mol%
cholesterol, we observed the formation of much larger protein clusters (Fig. 5.3 b).

Figure 5.3: Snapshot of a top view of a lipid bilayer after 10 MC-DPD cycles. The
lipids are depicted in blue, cholesterol in black. The proteins, in orange, have a small
diameter of 13.5 A and a positive mismatch of 3.5 A in (a) and 2.3 A in (b). Water
beads are not shown for clarity. Periodic boundary conditions apply. Initially the

proteins were embedded as far as possible from each other. In (b), the hs3(t5)2 bilayer
contains 40 mol% cholesterol. AT=0.28.

These simulations indicate that the lipid-mediated interactions between the pro-
teins depend on the presence of cholesterol. Ideally, one would like to use these sim-
ulations to quantitatively compare with, for example, the FRET efficiency measured
during relevant protein clustering experiments (31, 32). However, detailed analysis
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shows that these simulations are not sufficiently long and that our system size is not
sufficiently big to determine reliable equilibrium cluster-size distributions from these
snapshots. The simulations, however, do suggest a marked effect of cholesterol on
the interactions between membrane proteins, i.e., cholesterol enhances the formation
of clusters, which is also observed experimentally (31, 33, 45-50). To quantify these
effects of cholesterol on the interactions between proteins, we computed the potential
of mean force.

The potential of mean force (PMF) as a function of the distance £ between the
centers of mass of two proteins (or cluster of proteins) was computed using a similar
method as described in detail in Chapter 3 and in (210). A first estimation of the PMF
was obtained using umbrella sampling with a harmonic heavyside biased potential.
To unbias we used the weighted histogram analysis method (WHAM) (211, 212). We
performed a forward and a backward PMF calculation. In a second step the biased
potential is the sum of a heavyside potential and the inverse average PMF obtained
from the previous step. This step was repeated, updating the PMF, until all the
individual histograms of the windows showed a uniform distribution. Generally, 3 to
10 iterations were required to satisfy this condition.

5.3.3 Interactions between Two Proteins

Effect of Cholesterol We computed the PMF between two large proteins (Np=43)
with diameter 32 A at the three temperatures AT=0.03, 0.1, and 0.38 in a hg(ty)o-
cholesterol bilayer. In Fig. 5.4 a, the PMFs are shown for AT=0.03 and 0.1. In
a pure hg(ty)s bilayer the PMFs are mainly repulsive, except for the short-range
direct protein-protein contact. The cut-off diameter of the soft-repulsive interactions
is 6.46 A, and thus the repulsive interaction between the proteins is entirely lipid-
mediated. In Fig. 5.4 a, we also show an experimental PMF (36), for a comparable
system: alamethicin pores (diameter 36 A) in DMPC at 30°C (T, papo= 24°C).
It is believed that alamethicin has a slight positive mismatch in DMPC because
of its tilt (36). The amplitude and the range of the simulated and experimental
repulsive interaction agree very well. The experimental PMF was obtained by fitting
a quadratic potential to X-ray diffraction data. Therefore this PMF does not show
the short-range oscillations.

At these low temperatures cholesterol significantly increases the hydrophobic thick-
ness of the membrane. Due to the addition of 40 mol% cholesterol the bilayer hy-
drophobic thickness becomes approximately the same as the protein hydrophobic
length. The hydrophobic mismatch becomes d=1.0 and d=-1.0 A, for AT=0.03 and
0.1, respectively. As a result we expect that the lipid-mediated interactions disap-
pear. Indeed, this is exactly what we observe, as shown in Fig. 5.4 a. It is interesting
to compare these results with a situation where the hydrophobic mismatch remains
constant. We changed the length of the protein such that the hydrophobic mismatch
is the same in a bilayer with and without cholesterol. This was achieved by increasing
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Figure 5.4: (a), (b) Potential of mean force as a function of the distance £ between two
proteins with diameter 32 A, in a hs(t4), bilayer with and without 40 mol% cholesterol
at different temperatures AT=T-T,,. dis the positive hydrophobic mismatch between
bilayer and protein. The dotted line represents the experimental PMF. In (a), d
changes because of the bilayer thickening effect of cholesterol. In (b) we keep d
constant by modifying the hydrophobic length of the protein. (c) mole fraction of
cholesterol as function of the distance from the protein surface. The hs3(t4)2 and
hs(ts)2 bilayer contains 40 mol% cholesterol. (d) idem as (b), but at higher values of
AT.

the protein hydrophobic length by one bead. The use of a coarse-grained model does
not allow to have exactly the same hydrophobic mismatch in every case. The results
are shown in Fig. 5.4 b. The repulsive interactions are again strongly reduced, partic-
ularly between 45 and 80 A. This indicates that a change in hydrophobic mismatch is
not the only mechanism by which cholesterol affects the protein-protein interactions.

In Fig. 5.4 ¢, the mole fraction of cholesterol is shown around a single protein for
AT=0.03 and 0.1. The protein surface is enriched in cholesterol, most likely due to
the preferential interaction between the rigid cholesterol ring and the smooth protein
surface. However, the cholesterol-enrichment clearly extends up to a distance of 3
nm from the protein surface. This corresponds to 5 to 6 layers of lipids. The clear
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presence of maxima and minima in the curves suggests a liquid-ordered phase. In fact,
the fraction of cholesterol in this domain is strongly dependent on the hydrophobic
mismatch. A cholesterol-depleted region is observed around proteins with negative
mismatch (see Fig. 5.5).

Anderson et al (155) defined lipid shells as protein-induced domains which might
extend up to 10 nm from the protein surface, might be enriched or depleted in choles-
terol, do not need to form a separate phase and exist as mobile entities in the plane
of the membrane. This description indicates that the protein-induced domains we
observe are lipid shells.

It is, however, unclear whether cholesterol reduces the repulsive protein inter-
actions due to the presence of the cholesterol-enriched shells. Indeed, as shown in
Fig. 5.2 b, the addition of cholesterol also significantly increases the average lipid-tail
order and the bending modulus. The change in these parameters could also affect the
protein interactions.

Therefore, we performed a similar simulation at a higher temperature: AT=0.38.
At this temperature the effect of cholesterol on the tail order and bending modulus is
considerably less (see Fig. 5.2 b). The results are shown in Fig. 5.4 d. The hydrophobic
mismatch is again kept constant. In a pure hs(t4)s bilayer, the PMF is similar to
the PMF obtained at lower temperatures. When 40 mol% cholesterol is added to
the bilayer the repulsive interaction between 45 and 80 A is again strongly reduced.
Moreover, the short distance between proteins is dramatically stabilized. In Fig. 5.4
¢ is shown that also for this case there exists a cholesterol-enriched shell around the
proteins. Thus, it is very likely that the protein-induced, cholesterol-enriched domains
also affect the lipid-mediated protein-protein interactions.

To check whether our results depend on the lipid tail length, we performed similar
simulations in a hs(t5) bilayer. The results for AT=0.28 are shown in Fig. 5.4 ¢ and
Fig. 5.4 d and are very similar to the h3(t4)2 system. Because at higher temperature
the lipid shell mechanism is less superadded by effects of cholesterol on the structural
and mechanical bilayer properties, we use the hs3(t5)z-cholesterol system at AT=0.28
to further investigate the lipid shell mechanism.

The Lipid Shell Mechanism The region surrounding one protein with positive
mismatch is slightly enriched in cholesterol. We simulated the local membrane com-
position around two interacting proteins. For example, from Fig. 5.6 a, b (red line),
one can see an increasing cholesterol concentration between two proteins interacting
at 58 and 45 A. At a distance of 58 A, the fraction of cholesterol between both proteins
is 0.5, while at 45 A it becomes 0.8. In Fig. 5.7, the average cholesterol mole fraction
around both proteins is shown for the entire membrane. According to the lipid shell
mechanism, the effect of cholesterol on the PMF between two proteins with positive
mismatch is related to the local composition around the two interacting proteins.
To understand how the high cholesterol fraction between the two approaching
proteins affects the PMF, the concept of hydrophilic shielding is useful. We introduced
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Figure 5.5: Mole fraction of cholesterol, as function of the distance r from the center
of mass of a large protein with diameter 32 A with different mismatches, in a hs(ts)s
bilayer with and without 40 mol% cholesterol. AT=0.28

the hydrophilic shielding parameter in Chapter 3 as a measure for the relative number
of hydrophilic beads shielding the hydrophobic beads from the water, at a given
position in the membrane plane (210). Within this concept, the protein interactions
are interpreted as resulting from the dynamic reorganization of the entire system to
maintain an optimal hydrophilic shielding of the protein and lipid hydrophobic parts,
constrained by the flexibility of the components. For this we define the lipid head
fraction as the number of lipid head beads at a given position in the plane of the lipid
bilayer in which the protein is embedded divided by the average number of lipid head
beads of a pure bilayer without embedded proteins. The lipid tail fraction is defined
in an analogous way. The hydrophilic shielding parameter, defined at every position
in the plane of a lipid bilayer, is the ratio of the lipid head fraction and the lipid
tail fraction, and is a measure for the relative number of hydrophilic beads shielding
the hydrophobic tail beads from the water at a given position. This parameter is
one at sufficient distances from a protein. When the hydrophilic shielding parameter
is bigger than one, the density of the lipid heads shielding the lipid tails present is
higher than in the pure lipid bilayer.

Fig. 5.6 a, b shows the hydrophilic shielding parameter for the two proteins. In
a bilayer without cholesterol (green lines), at a distance sufficiently far from the
proteins, the bilayer is not perturbed due to the presence of the proteins and the
value of the hydrophilic shielding parameter fluctuates per definition around one.
In the regions close to, and in particular in between, the proteins there is a large
deviation from the optimal hydrophilic shielding. When both proteins come closer,
from 58 to 45 A, the hydrophilic shielding in between both proteins further decreases.
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Figure 5.6: (a), (b): Average cholesterol mole fraction (red) and hydrophilic shielding
parameters (black, green) around two large proteins. Simulations were performed in
a bilayer without (green lines) and with (black lines) 40 mol% cholesterol. (c), (d):
Hydrophobic thickness of the bilayer surrounding two large proteins. The proteins
are at a distance of 58 A (a,c) and 45 A (b,d). Proteins have a diameter of 32 A and
a positive mismatch of +8.1 A.

Thus, the lipids in between the proteins can only reorganize in a way that further
decreases the hydrophilic shielding in between the proteins. This is reflected in the
PMFs by the free energy increase between 58 and 45 A (see Fig. 5.4 d).

The addition of cholesterol causes a completely new organization of the remaining
lipids and cholesterol, with an improved shielding as result (black lines). This effect
is particularly strong in between both proteins, where the shielding is now around
one. Because the hydrophilic shielding parameter is a measure of the membrane
perturbation due to the presence of the proteins, this result indicates that cholesterol
naturally alleviates the unfavorable lipid perturbations due to positive hydrophobic
mismatch. When both proteins come closer, from 58 to 45 A, the average hydrophilic
shielding in between both proteins does not change. This is reflected in the PMFs by
the constant free energy between 58 and 45 A (see Fig. 5.4 d). In the ST we discuss
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Figure 5.7: Average cholesterol mole fraction around two large proteins with diameter
32 A with a positive mismatch of 7 A. The proteins (dark blue circles) are at a distance
of 58 A (a) and 45 A (b). The hs(t5), bilayer contains 40 mol% cholesterol. The values
were averaged over both bilayer leaflets. Distances are in A. AT=0.28.

the effect of cholesterol on the hydrophobic thickness profile around both proteins.

In Fig. 5.6 ¢, d, the hydrophobic thickness of the bilayer around the two large
proteins with positive mismatch is shown. One can see that the hydrophobic thickness
of the bilayer increases by only 1.2 A due to the addition of cholesterol. The different
hydrophobic thickness profiles in between both proteins reflect the different ways
bilayers with and without cholesterol adapt to the approach of both molecules. It
seems that in a lipid bilayer without cholesterol it is difficult to maintain the negative
curvature in between both proteins when they come close. When cholesterol, which
has an intrinsic negative curvature, is added to the bilayer, the region between the
two approaching proteins has a nice negative curvature until both proteins touch.

When the bilayer contains 40 mol% cholesterol, the effective hydrophobic mis-
match decreases by 1.2 A. Considering only the effect of hydrophobic mismatch, one
would thus expect that due to the addition of cholesterol the free energy of the protein
dimer configuration would increase. As shown in Fig. 5.4 d, we observe the opposite.
This indicates that the composition of the membrane surrounding the proteins also
plays a very important role.
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5.3.4 PMFs for Protein Clustering

To obtain some quantitative insights into the clustering behavior, we computed
the PMFs between two small (diameter 13.5 A) proteins, between a cluster of 7
proteins and a single protein and between two clusters of 7 proteins (see Fig. 5.8).
Using geometric arguments one can see that a cluster of 7 proteins is relatively stable
under mismatch conditions.

Figure 5.8: Protein and protein cluster configurations related to the PMF calculations.
Snapshot of a a top view of a lipid bilayer. The lipids are depicted in blue, the
proteins in red. (a), (b) and (c) correspond to the dissociated configuration for
the 1-1, 7-1 and 7-7 PMF calculations, respectively. (d), (e) and (f) illustrate the
associated configurations for the 1-1, 7-1 and 7-7 PMF calculations, respectively.
In the associated configuration both clusters are in close contact, as shown in the
pictures. The further merging of clusters is not described.

Fig. 5.9 a shows the PMF's for the interaction between two single proteins, between
a single protein and a cluster of seven, and between two clusters of 7 proteins with
slight positive mismatch. In a bilayer without cholesterol, we observe two trends.
First, the depth of the free energy minimum, corresponding to the associated config-
uration, increases in the order: 1-1 < 7-1 < 7-7. Secondly, the height of the repulsive



110

barrier at intermediate distance increases in the order: 1-1 (1.5 kgT') < 7-1 (3 kgT)
<7-7 (10.5 kgT). The presence of this repulsive barrier explains why our simulations
show small clusters that were stable during the length of the simulations.
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Figure 5.9: Potential of mean force as a function of the distance £ between two
proteins (1-1), between a single protein and a cluster of seven proteins (1-7) and
between two clusters of 7 proteins (7-7) in a hs(t5) bilayer without (orange, green),
with 40 mol% (black) and with 60 mol% (blue) cholesterol. The proteins in (a) have
a positive mismatch of +8.1 A, while the proteins in (b) have a positive mismatch of

+3.5 A. AT=0.28.

The addition of cholesterol slightly weakens the free energy minima. More im-
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portantly, cholesterol has a dramatic effect on the aggregation barriers. At 40 mol%
cholesterol, the barrier is reduced from a wide barrier of 10.5 kg7 to a small short-
range barrier of 4 kgT. A second free energy minimum of -1.5 kgT', corresponding
to the presence of cholesterol between the proteins (protein clusters) appears at a
distance of 45 A in a bilayer with 60 mol% cholesterol.

We repeated the same simulations for proteins with slight positive mismatch (4 A).
The results are shown in Fig. 5.9 b and are similar to the results for mismatch 8.1 A.
The hight of the wide repulsive barrier between both clusters is now smaller (5.5 kgT'),
and the addition of cholesterol again reduces the barrier to a short-range barrier of
3.5 kgT. Less cholesteroll is required for the second free energy minimum to appear.

Because the aggregation barrier directly originates from the reorganization of
lipids, one expects it to rise with increasing protein or protein cluster diameter. In-
deed, the larger the protein or the cluster, the larger the perturbed area in between
the two approaching entities. A larger membrane area with a lower hydrophilic shield-
ing corresponds to a higher increase in the free energy. On the other hand, the effect
of cholesterol should not only depend on the size of the proteins or clusters but also
on the cholesterol concentration in the bulk. Indeed, the bigger the size of the protein
clusters, the more cholesterol will be required in between both clusters to alleviate
the membrane perturbations.

Similarly, we performed simulations for proteins with negative mismatch. The
results are shown in Fig. 5.10. For negative mismatch the small aggregation barrier
does not grow with increasing cluster size. Cholesterol does not affect the lipid-
mediated attractive PMF between proteins with negative mismatch.

5.3.5 Effect on the Selectivity

We considered a system similar to the one shown in Fig. 5.3, but with small
proteins with three different types of mismatch: negative (-10 A), negligible (-1 A)
and positive (8.1 A) We observed that proteins selectively aggregate with proteins
with the same mismatch (a snapshot of the system is shown in Fig. 5.11). In Fig. 5.12
a, the PMF's are shown between two proteins with positive and negligible, two with
negative and positive and two with negligible and positive mismatch. The lipid-
mediated interactions are purely repulsive in all three cases. The PMFs between
proteins with the same mismatch are attractive. These PMFs explain the selective
aggregation between the proteins. We performed the same simulations again, but
now in a bilayer containing 40 mol% cholesterol. The PMFs between proteins with
different mismatch are shown in Fig. 5.12 b. Although cholesterol slightly reduces the
repulsion, its effect on this type of repulsive interactions is very small. An exception
is the interaction between a protein with negative and negligible mismatch, which
becomes attractive due to the addition of cholesterol.
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Figure 5.10: Potential of mean force as a function of the distance ¢ between two
proteins (1-1) and between two clusters of 7 protein (7-7) in a hs(t5)q bilayer without
(red) and with (black) 40 mol% cholesterol. The proteins have a negative mismatch
of -10 A. AT=0.28.

5.4 Discussion

The simulated PMFs between proteins (protein clusters) with positive mismatch
indicate that there is an aggregation barrier, the size of which increases with growing
cluster size. For proteins with negative mismatch no growing aggregation barrier is
observed. Thus, the cluster formation for positive mismatch will be very different
from negative mismatch. For negative mismatch one expects a phase separation
between proteins and lipids, while for positive mismatch the aggregation barriers or
the purely repulsive interactions might significantly slow down or inhibit the clustering
process. This is indeed observed experimentally (32). Unfortunately, many protein
clusters observed in real membranes contain a number of proteins much larger than
accessible with our mesoscopic model and simulation method within a reasonable
time (45, 46, 48).

Several independent experiments indicate that the addition of cholesterol further
enhances the aggregation of membrane proteins (31, 33, 45-50). In this chapter we
provide simulation evidence for a lipid-shell mechanism by which cholesterol modifies
lipid-mediated protein-protein interactions. We show that proteins with hydrophobic
mismatch induce cholesterol-enriched or cholesterol-depleted shells surrounding the
proteins in agreement with the shell hypothesis proposed by Anderson et al (155).
The protein-induced shells then modify the lipid-mediated interactions between the
proteins. Interestingly, Nyholm et al (20) recently found experimental indication for
a cholesterol-enriched region around a model protein with positive mismatch in a
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Figure 5.11: Snapshot of a top view of a lipid bilayer after 10° MC-DPD cycles.
The bilayer in (a) and (b) contains 3 different types of proteins. The hs(t5)q lipids
are depicted in blue, cholesterol in black. Proteins with a negative mismatch of -
10 A are red, with negligible mismatch of -1 A are yellow and with a positive mismatch
of 8.1 A are green. Water beads are not shown for clarity. Periodic boundary
conditions apply. Initially the proteins were mixed and embedded as far as possible
from each other. In (b), the bilayer contains 40 mol% cholesterol. The addition of
cholesterol changes the mismatch by -1.2 A. AT=0.28.

DMPC bilayer containing a small amount of cholesterol. In agreement with our sim-
ulation results they observed that the cholesterol-enrichment is less around proteins
with no or negative mismatch. It would be very interesting to see whether all-atom
simulations find evidence for the shell hypothesis.

Our results thus suggest that proteins with positive mismatch would prefer cholesterol-
rich regions because cholesterol naturally replaces the perturbed lipids, and thus al-
leviates the perturbation. Several authors made similar observations, but explained
them using solely structural and mechanical arguments, and suggested that this sort-
ing might play a role in the secretory pathway (186, 275, 287, 288).

The interaction between two proteins with positive mismatch surrounded by cholesterol-
enriched shells is significantly less repulsive. In some cases the interaction even be-
comes attractive. Thus, our results suggest the formation of much larger, cholesterol-
enriched, protein clusters in the presence of cholesterol. This is for example observed
for syntaxin proteins in different real membranes (46). However, the direct compari-
son with experimental results is difficult, because our protein model is very general,
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Figure 5.12: Potential of mean force as a function of the distance £ between two
proteins (1-1) in a hs(ts)s bilayer without (a) and with (b) 40 mol% cholesterol.
The six PMFs describe the six possible single protein - single protein interactions
that might occur in the system shown above. Negative mismatch is -10 A, negligible
mismatch is -1 A and positive mismatch is +8.1 A. The addition of cholesterol changes
the mismatch by -1.2 A. AT=0.28.

while in reality specific protein-protein interactions exist which also determine the
protein-protein interactions.

It is interesting to compare the shell mechanism to the wetting and capillary
condensation mechanism proposed by Gil et al (272) for a membrane consisting of
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two coexisting phases and proteins. In the shell mechanism the two-phase coexistence
is not a preexisting condition and the proteins are not surrounded by one particular
phase but by a domain induced by the proteins, and with a different composition
(not necessarily a different phase) than the bulk membrane. In the absence of the
proteins, the two phases are present in the wetting model, while in the shell model,
a single-phase homogeneous membrane exists.

We show that the origin of lipid-mediated selectivity is a lipid-mediated repulsive
interaction between the different proteins. Cholesterol has only a modest effect. Ex-
periments directly mimicking this simulation are not available in the literature. If we
interpret the degree of hydrophobic mismatch as a parameter quantifying the unfavor-
able hydrophobic exposure of a misfolded protein, our results show how lipid-mediated
interactions might play a role in the experimentally observed selective aggregation of
misfolded proteins with misfolded proteins with a similar hydrophobicity (289).

In this chapter we presented a lipid shell mechanism by which cholesterol might
affect lipid-mediated protein-protein interactions. In line with the shell hypotheses we
show that proteins induce cholesterol-enriched and cholesterol-depleted shells, which
modify the interactions between the proteins. The simulation results are in line with,
and might explain, several experimental observations related to an increased protein
aggregation in the presence of cholesterol.
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Chapter 6

Conclusions

In this thesis we presented a simulation study of a mesoscopic model of a hydrated
phospholipid bilayer with embedded protein pairs of different diameters and at differ-
ent hydrophobic mismatch conditions. The only direct interactions considered in our
model are the short-range soft repulsive interactions between the different bead-types,
representing hydrophobic and hydrophilic forces, and the internal rigidity of the pro-
teins and the lipids. Because of its simplicity, our model provides a framework to gain
insight into the mechanism by which hydrophobic and hydrophilic interactions induce
a reorganization of all the components of the system (water, lipids, and proteins) after
the insertion in the bilayer of one or more proteins. Specific long-range attractive and
repulsive protein-protein interactions were found to spontaneously emerge during the
dynamic reorganization of the components of the system to improve the hydrophilic
shielding of the hydrophobic parts of the proteins and the lipids. The nature of the
protein-protein interactions was quantitatively described by calculating the potential
of mean force as a function of the distance between two proteins and it was found to
depend on the degree of hydrophobic mismatch and on the size of the proteins.

To study the effect of cholesterol we have introduced a very simple model of a
hydrated saturated phospholipid (DMPC) and cholesterol. In this model, choles-
terol is characterized by a bulky hydrophobic core, a small hydrophilic head, and a
small hydrophobic tail. These ingredients give our model of cholesterol many unique
properties. Our model agrees well with experimental data on structural and mechan-
ical properties of the bilayer, as well as with all-atom simulations. This agreement
coupled with the reproduction of many experimentally observed DMP C-cholesterol
structural and mechanical properties indicates that our model captures the essence
of DMPC-cholesterol mixing. The temperature-composition dependence of the lat-
eral organization of cholesterol might give important information to better interpret
experimental data.

For most thermodynamic systems the addition of a second component induces dis-
order into the system. The addition of cholesterol, however, causes the lipid molecules
to order. Our simulations show that this effect strongly depends on temperature.



117

At very high temperature the membrane can accommodate a significant amount of
cholesterol without structural changes. At low temperatures cholesterol induces dif-
ferent phases in which the lipid tails are more ordered. Such a more ordered structure
allows the lipids to support cholesterol by reducing the water hydrophobic contacts.
In this context one can understand the role of the bulky hydrophobic core and the
relatively small hydrophilic head.

A main result is the phase diagram shown in Fig. 4.5. We have argued that one
can find experimental evidence for most of these phases. However, more importantly
our model calculations may provide a rationale for why the “true” experimental phase
diagram is not known. The simulations show that cholesterol induces many subtle
structural changes, which may or may not be observable for different experimental
techniques. Reflecting the simplicity of the model, we obtain general insights which
may shed some light on the experimental phase diagrams.

We found that cholesterol significantly reduces the repulsive interactions between
large proteins with a positive mismatch. We showed that cholesterol affects the
protein interactions via a lipid-shell mechanism: in line with the shell hypotheses
proteins induce cholesterol-enriched and cholesterol-depleted shells, which modify the
interactions between the proteins.

The simulated PMFs between clusters of proteins with positive mismatch indicate
that there is an aggregation barrier, the size of which increases with growing cluster
size. In the presence of cholesterol this aggregation barrier is absent. A second mini-
mum occurs corresponding with the cholesterol-enriched configuration: cholesterol in
between the two protein clusters. For proteins with negative mismatch no growing
aggregation barrier is observed. Thus, the cluster formation for positive mismatch is
very different from negative mismatch. For negative mismatch one expects a phase
separation between proteins and lipids, while for positive mismatch the aggregation
barriers or the purely repulsive interactions might significantly slow down or inhibit
the clustering process. We also showed that the origin of lipid-mediated selectivity
is a lipid-mediated repulsive interaction between proteins with a different mismatch.
Cholesterol has only a modest effect on this selectivity. It is surprising to see how our
simple model leads to such a rich and complex behavior.

Many two-dimensional models exist to study protein clustering with Monte Carlo
methods. These models are often applied to interpret experimental measurements of
protein clustering (for example FRET or X-ray diffraction experiments). Only pro-
teins are represented, interacting via a potential which is fitted to the experimental
data. Only two-body interactions are considered. However, our simulations clearly
show that many-body interactions cannot be neglected. For example, modeling the
clustering of proteins with negative mismatch based on only the two-body poten-
tial (the PMF between two single proteins) would lead to an increasing aggregation
barrier with cluster size. Due to many-body interactions this is not observed in our
mesoscopic simulations.

The two- and many-body interactions between proteins and protein clusters ob-
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tained from our mesoscopic simulations might be used to develop more precise two-
dimensional models of protein clustering. It would not only allow to better interpret
experimental results, but also to study systems which are statistically significant and
thus comparable with, for example, FRET experiments. Such a two-dimensional
model would also allow to combine lipid-mediated interactions with direct protein-
protein interactions.

In this work we showed that a single extra component like cholesterol might signif-
icantly change the nature of the interaction between proteins. Real biological systems
contain a wide variety of lipids. The question thus arises wether diverse membrane
compositions lead to a wide range of indirect protein-protein interactions or wether
sterols like cholesterol are unique in affecting protein interactions. Hence, a next log-
ical step to gain insight into this collective behavior is to add an extra lipid to the
membrane, for example an unsaturated lipid, and to study its effect on the protein
interactions.

Real biological membranes not only contain a much wider variety of lipids, they
also contain a significant amount of proteins. In most experimental model membranes
and in our mesoscopic model the membrane is a lipid bilayer in which a relatively
low concentration of proteins is embedded. It would be interesting to investigate the
effect of cholesterol on the properties of a lipid bilayer and on lipid-mediated protein
interactions at a high protein concentration.
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