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Cholesterol is an important building block of cell membranes. The biosynthesis of
cholesterol is very complicated, and therefore cholesterol is recycled by the cell. One
of the key compartments in the cholesterol metabolism is the endosome. Endosomes
are membrane-bound organelles that take care of waste recycling in cells. In addition
to the limiting membrane, endosomes have multiple internal vesicles. In endosomes
most cholesterol is in the membranes of internal vesicles. It is well known how cho-
lesterol ends up in endosomes, but the mechanisms of cholesterol transport from
endosomes to other compartments of a cell are poorly understood. NPC2 is a small
soluble protein that stimulates cholesterol clearance from the internal membranes
of endosomes. It can bind cholesterol and transport it between membranes. The
lipid composition of these membranes affects the NPC2-mediated cholesterol trans-
port rate. The endosomal lipid bis(monoacylglycero)phosphate (BMP) increases and
sphingomyelin decreases the cholesterol transport rate, but it is not known how.
Cholesterol can also be transported spontaneously in the absence of NPC2. The
membrane lipid composition affects also the spontaneous cholesterol transport. In
this study, the affinity of cholesterol to different membranes was studied using ato-
mistic molecular dynamics simulations. Five model membranes with different lipid
compositions were built, and the free energy difference of transferring a cholesterol
molecule from one membrane to another was measured using the free energy per-
turbation method. The studied lipids in order of cholesterol affinity from highest to
lowest were: sphingomyelin, DPPC, ceramide, POPC, and BMP. The results sug-
gest that the affinity of cholesterol to these lipids at least partly explains their effect
on NPC2-mediated cholesterol transport. The increased hydrocarbon chain order of
lipids seems to increase cholesterol affinity, but it does not alone explain the obser-
ved affinities. Specific interactions between sphingomyelin and cholesterol increase
the affinity of cholesterol to sphingomyelin-rich membranes.
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Kolesteroli on tärkeä solukalvojen rakennusosa. Kolesterolin biosynteesi on hyvin
monimutkainen prosessi, joten solut uudelleenkäyttävät kolesterolia. Endosomi on
eräs tärkeimmistä soluelimistä kolesterolin kierrätyksessä. Endosomit ovat kalvol-
lisia soluelimiä, jotka toimivat solun jätteenkäsittely- ja kierrätyskeskuksina. En-
dosomin muusta solun sisällöstä erottavan pintakalvon lisäksi endosomit sisältävät
useita kalvorakkuloita. Suurin osa endosomissa olevasta kolesterolista sijaitsee si-
säisissä kalvorakkuloissa. Kolesterolin päätyminen endosomiin tiedetään tarkasti,
mutta mekanismit joilla kolesteroli kulkeutuu endosomista solun muihin osiin tun-
netaan heikommin. NPC2 on pieni liukeneva proteiini, joka edesauttaa kolesterolin
poistumista endosomin sisäisistä kalvorakkuloista. Se pystyy sitoutumaan koleste-
roliin ja voi kuljettaa kolesterolia kalvojen välillä. Kalvon lipidikoostumus vaikut-
taa NPC2-proteiinin aikaansaamaan kolesterolin kuljetukseen. Endosomaalinen lipi-
di bis(monoasyyliglysero)fosfaatti (BMP) kasvattaa, ja sfingomyeliini madaltaa ko-
lesterolin kuljetusnopeutta, mutta tämän syytä ei tiedetä. Kolesteroli voi myös kul-
keutua spontaanisti ilman NPC2-proteiinia. Kalvolipidikoostumus vaikuttaa myös
spontaaniin kolesterolin kuljetukseen. Tässä työssä tutkittiin kolesterolin affiniteet-
tiä erilaisiin kalvoihin atomaaristen molekyylidynamiikkasimulaatioiden avulla. Vii-
si erilaista kalvomallia rakennettiin, ja vapaaenergia kolesterolimolekyylin siirtymi-
selle kalvosta toiseen mitattiin “free energy perturbation” -menetelmällä. Tutkitut
lipidit järjestettynä korkeimmasta kolesteroliaffiniteetista matalimpaan olivat: sfin-
gomyeliini, DPPC, seramidi, POPC ja BMP. Tulokset osoittavat, että kolestero-
lin affiniteetti näihin lipideihin ainakin osittain selittää niiden vaikutuksen NPC2-
proteiinin aikaansaamaan kolesterolin kuljetukseen. Lipidien asyyliketjujen järjes-
tyneisyys näyttäisi lisäävän kolesterolin affiniteettia, mutta tämä ei yksinään selitä
havaittuja affiniteetteja. Erityiset vuorovaikutukset sfingomyeliinin ja kolesterolin
välillä lisäävät kolesterolin affiniteettia kalvoihin, joissa sfingomyeliiniä on runsaasti.



iii

PREFACE

This Master of Science thesis was carried out in the Biological Physics and Soft Mat-
ter group of the Department of Physics of Tampere University of Technology. I want
to thank Giray Enkavi and Ilpo Vattulainen for supervising me. I am also thankful
for my colleagues in Batcave for company during the writing process. Thanks also
to all other members of our group in G-corridor and Kumpula for help and advice.
Special thanks to Waldek for the punishment bottle in our office (or whoever brought
it here from Poland).

When I was a kid and said to my mum that I will be diplomi-insinööri (Master
of Science (Technology)) when I grow up, she said: “Hah, sen kun näkis, ja kuulis
kolinan”. After a career test in secondary school I told my dad that according to the
test I should become a physicist. He said “No, siinä tarvitaan lahjoja. . . ” I thank
my parents for their strengthening words and support during my studies.

Espoo, 22.5.2017

Heikki Mikkolainen



iv

CONTENTS

1. Introduction 1

2. Biological Background 3

2.1 Compartments of Cell . . . . . . . . . . . . . . . . . . . . . . . . . . 3

2.2 Lipid Bilayers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

2.3 Cholesterol Trafficking . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2.4 Niemann–Pick Type C (NPC) Proteins . . . . . . . . . . . . . . . . . 9

2.5 Endosomal Lipids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

3. Methods 18

3.1 Overview of Molecular Dynamics . . . . . . . . . . . . . . . . . . . . 18

3.2 Force Field . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

3.3 Algorithms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

3.4 Free Energy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

3.5 Hamiltonian Replica Exchange . . . . . . . . . . . . . . . . . . . . . . 39

3.6 Analysis Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

4. Systems and Simulations 45

4.1 Model Membranes . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

4.2 Simulation Parameters . . . . . . . . . . . . . . . . . . . . . . . . . . 47

4.3 FEP-Simulations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

4.4 Replica Exchange . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

4.5 Performance of Xeon Phi coprocessor . . . . . . . . . . . . . . . . . . 51

5. Results 53

5.1 Relative Affinity of Cholesterol . . . . . . . . . . . . . . . . . . . . . 53

5.2 Membrane Properties . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

5.3 Lipid-Lipid Interactions . . . . . . . . . . . . . . . . . . . . . . . . . 61

6. Conclusions 63

Bibliography 65



v

LIST OF ABBREVIATIONS

AVX Advanced vector extensions
BMP Bis(monoacylglycero)phosphate
CER Ceramide
CPU Central processing unit
CSC Finnish IT Center for Science
CUDA Compute unified device architecture
DOPG 1,2-dioleoyl-sn-glycero-3-phosphatidylglycerol
DPPC 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
FEP Free energy perturbation
FFT Fast Fourier transform
FF Force field
FRAP Fluorescence recovery after photobleaching
GPU Graphics processing unit
HDL High density lipoprotein
LBPA Lysobisphosphatidic acid
LDL Low density lipoprotein
LINCS Linear constraint solver
MIC Many integrated core
MPI Message passing interface
MSD Mean square deviation
NPC1 Niemann–Pick type C1 protein
NPC2 Niemann–Pick type C2 protein
NPC Niemann–Pick type C protein
NPT Isothermal–isobaric ensemble
NTD N-terminal domain
NVT Canonical ensemble
P-LINCS Parallel linear constraint solver
PC Phosphatidylcholine
PDB Protein data bank
PME Particle-mesh Ewald
POPC 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
PSM Palmitoyl sphingomyelin
RDF Radial distribution function
SASA Solvent accessible surface area
SSE Streaming SIMD extensions
Slipids Stockholm lipids force field
TCSC Tampere Center for Scientific Computing



vi

LIST OF SYMBOLS

A Helmholtz free energy
a Acceleration
a Acceleration vector
a0 Bohr radius
AL Area per lipid
D Diffusion coefficient
E Energy function
F Force
G Gibbs free energy
G Constraint force
g(r) Radial distribution function
H Enthalpy
H Hamilton operator
hn Maximum displacement of the Steepest descent algorithm
i Imaginary unit
K Kinetic energy
kϕ Height of energy barrier of dihedral potential
kψ Force constant of improper dihedral potential
kθ Force constant of bond bending
kd Force constant of bond stretching
kB Boltzmann constant
m Mass
N Number of degrees of freedom
n Position of periodic image
Nleaflet Number of lipids per bilayer leaflet
n Simulation step number
P Pressure
P0 Reference pressure
Q Mass parameter of pressure coupling
qi Charge of particle i
r Coordinate vector of atom
r0 Reference distance of bond stretching
rHB Hydrogen bond distance
rij Distance between two atoms
rSC Soft-core radius
S Entropy
R Normally distributed random number



vii

s Velocity scaling factor
SCD Deuterium order parameter
T Temperature
t Time
U Internal energy
V Potential energy
v Velocity
vi Velocity of atom i

Vij Interaction energy between particles i and j
VSC Soft-core potential
α Soft-core parameter
αHB Hydrogen bond angle
β Compressibility
∆G Change in Gibbs free energy
∆t Time-step length
ϵ Depth of the potential well of Lennard-Jones potential
ϵ0 Vacuum permittivity
η Stochastic noise term
h̄ Planck’s constant divided by 2π

λ Coupling parameter
λFEP Interaction coupling parameter
λk Constraint equation Lagrange multiplier
λRES Restraint coupling parameter
µ Box scaling factor of pressure coupling
ϕ Dihedral angle
ϕ0 Reference dihedral angle
Ψ Wave function of a particle
ψ Improper dihedral angle
ψ0 Reference improper dihedral angle
ρ Number density of particles
σ Soft-core radius of interaction
σk Constraint equation
σij Distance parameter of Lennard-Jones potential
τP Time constant of pressure coupling
τT Time constant of temperature coupling
θ Bond angle
θ0 Reference angle of bond bending
θCD Angle between carbon–deuterium bond and bilayer normal
Ξ Inner virial
ξ Thermodynamic friction coefficient





1. INTRODUCTION

Cholesterol is an essential component of all animal cell membranes. It modulates
the fluidity and permeability of the membrane [7]. In addition to being an im-
portant building block of cell membranes, cholesterol also is a precursor for many
important molecules like steroid hormones, oxysterols and vitamin D. Cholesterol
typically accounts for 20–25% of plasma membrane [44]. Human body gets choles-
terol from food, but it can also be synthesized by all cells [44]. The cholesterol
biosynthesis is very complicated, and therefore cholesterol is recycled by cells. The
key cellular compartments involved in recycling cholesterol are endosomes and lyso-
somes [7]. Endosomes and lysosomes form the waste disposal system of the cell [7].
They are membrane-bound cell organelles that provide an environment for material
to be sorted and degraded [7]. Cells obtain cholesterol from lipoprotein particles
that are transported in blood stream [44]. Lipoproteins contain cholesteryl esters
that are hydrolyzed in endosomes to produce free cholesterol [44]. From endosomes
cholesterol is transported to other compartments of a cell for reuse.

The membranes of cells and organelles are mostly composed of lipids. Lipids are
small amphiphilic molecules that have a tendency to form bilayers. The membrane
that separates endosomes from other cell content is called the limiting membrane.
In addition to the limiting membrane endosome has multiple internal vesicles that
have their own membranes [104]. These internal membranes contain high amounts
of cholesterol [85]. During maturation of endosome, most of the cholesterol is re-
moved, but it is not fully understood how it happens [44]. Two proteins, NPC1 and
NPC2, have been found to affect cholesterol efflux from endosomes [120]. NPC1 is
an integral membrane protein anchored to a membrane [26] and NPC2 is a small
soluble protein [22]. Both of them can bind cholesterol [95, 136]. NPC1 and NPC2
presumably work together to transport cholesterol from internal membranes to the
limiting membrane and out of endosomes [28]. However, the exact mechanisms are
not known.

The lipid composition of membranes affects the rate of NPC2-mediated cholesterol
transport between liposomes [1]. Bis(monoacylglycero)phosphate (BMP) enhances,
and sphingomyelin inhibits it [1]. It has been suggested that BMP mediates binding
of NPC2 to a bilayer, and therefore increases the cholesterol transport rate [79].
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The lipid composition may also affect the bilayer properties so that the affinity of
cholesterol for the bilayer changes. Also specific interactions, e.g. hydrogen bonds,
between cholesterol and other lipids might stabilize cholesterol in bilayers and de-
crease the transport rate. In this work the effect of various lipids on the affinity of
cholesterol for lipid bilayers was studied using atomistic molecular dynamics simula-
tions. The relative affinity of cholesterol is measured as a difference in free energies
of cholesterol insertion to different membranes. The free energy calculations show
that lipid composition of the bilayer has a significant effect on cholesterol affinity. To
investigate the molecular mechanism and the interactions that result in the observed
difference, the properties of simulated lipid bilayers, such as bilayer thickness, lipid
hydrocarbon chain ordering, and solvent accessible area of lipids are analyzed. Also
the interactions between cholesterol and other lipids, such as hydrogen bonds, are
studied.

This thesis starts with a chapter about the biological background of the project.
Cholesterol trafficking and the roles of NPC proteins are discussed. Also the prop-
erties of lipid bilayers and different lipids are discussed in detail. In Chapter 3 the
theory of computational methods is explained, starting with a short overview on
molecular dynamics. The molecular dynamics force field and algorithms are then
explained. Free energy calculations, replica exchange, and analysis methods are ex-
plained in their own sections. In Chapter 4 the model systems are presented and the
simulation protocols are explained. In Chapter 5 the results of free energy calcula-
tions are presented, and their meaning is explained. Also other properties of model
systems are discussed. Chapter 6 summarizes the results.



2. BIOLOGICAL BACKGROUND

Niemann–Pick disease is a genetic disorder that disturbs cholesterol transport in
endosomes and lysosomes of a biological cell. Lysosomes and endosomes are waste
disposal systems of a cell. The goal of the study is to investigate the role of mem-
brane lipid composition in endosomal cholesterol transport. In this chapter the
relevant biological concepts are introduced, starting from the structure of biologi-
cal cells. In Section 2.2 the cell membranes and the importance of cholesterol is
discussed. The structure and function of endosomes and lysosomes is described
in Section 2.3. Malfunction of NPC1 and NPC2 proteins causes accumulation of
cholesterol in lysosomes. The structure of NPC proteins and their role in endosomal
cholesterol transport is discussed in Section 2.4. It is pointed out what is already
known and what should still be studied. In Section 2.5 the properties of endosomal
lipids are discussed. Also their possible roles in cholesterol transport are explained.

2.1 Compartments of Cell

Cell is a biological structure enclosed by a membrane in which the enzymatic reac-
tions take place. Cell is the basic component of all living things, such as animals,
plants, and bacteria. The smallest living things are composed of just one cell, like
many species of bacteria and protozoa [7]. Biological systems without cell structure,
i.e. viruses, are not considered living things [7]. A biological cell is composed of
water, proteins, nucleic acids, lipids, polysaccharides, and other small molecules [7].
A cell is surrounded by a cell membrane which works as a boundary between the
interior and the exterior of a cell [7]. The main component of cell membranes is
lipids. Lipids are amphiphilic molecules usually composed of a hydrophilic head and
one or more hydrophobic hydrocarbon chains. In addition to lipids, cellular mem-
branes contain a variety of complex organic molecules, such as sugars and proteins.
The liquid enclosed by a cell membrane is called cytoplasm. Cytoplasm is mainly
composed of water, salts, and proteins. Proteins are chains of small molecules called
amino acids. There are many different proteins, and they take part in almost all
cellular functions as enzymes, receptors, carriers, etc.

Cellular organelles are subunits within a cell, which have some very specific task.
For example, nucleus contains the genetic material of the cell; mitochondria pro-



4 2. Biological Background

7

Figure 2.1: Organelles of a typical animal cell. 1. Nucleolus 2. Nucleus 3. Ri-
bosome 4. Vesicle 5. Rough endoplasmic reticulum 6. Golgi apparatus (or “Golgi
body”) 7. Cytoskeleton 8. Smooth endoplasmic reticulum 9. Mitochondrion 10.
Vacuole 11. Cytosol 12. Lysosome 13. Centriole 14. Cell membrane. Figure from
Wikipedia1used under Creative Commons CC0 1.0 Universal Public Domain Dedi-
cation. Original author: Kelvin Song.

duces energy; ribosome creates proteins; and Golgi apparatus creates lipids [7]. The
subject of this thesis is endosomes and lysosomes, the organelles that are responsible
for waste recycling and disposal in cells. Organelles are usually separated from other
cell contents with their own intracellular membrane. This is important because the
proteins and chemical reactions inside each organelle require a very specific well con-
trolled environment [7]. Membrane enclosed organelles occupy nearly half of the cell
volume [7]. Molecules are transported between organelles mainly by vesicles that
are small membrane-enclosed particles [7]. The structure of a cell and organelles is
described in Figure 2.1.

2.2 Lipid Bilayers

Lipids are naturally-occurring small molecules that have a hydrophilic head-group
and one or more hydrophobic carbon chains. The amphiphilic nature allows them to
spontaneously form vesicles, liposomes, and bilayers in water [7]. Lipid bilayers are
thin membranes that separate cells and cell organelles from their surroundings. The
thickness of a bilayer is typically about 5 nanometres [7]. The membrane works as a
semipermeable barrier that prevents the passage of unwanted soluble molecules like
1http://en.wikipedia.org/wiki/File:Animal_Cell.svg, Accessed: 2016-12-02

http://en.wikipedia.org/wiki/File:Animal_Cell.svg
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Figure 2.2: Schematic drawing of a phospholipid bilayer. Figure from Reference 7.
Reproduced with permission of Taylor and Francis in the format Thesis/Disserta-
tion via Copyright Clearance Center.

ions and proteins. Small uncharged particles can diffuse rapidly through membranes.
Polar and charged particles can not spontaneously penetrate the membrane because
the core of a membrane is very hydrophobic. The salt concentration inside a cell is
regulated by ion pumps and channels that are transmembrane proteins controlling
the transport of ions through the membrane [7]. Lipid bilayers are mostly composed
of phospholipids [7]. In the bilayer, the hydrophobic hydrocarbon chains point
towards the center, and the head-groups point toward solvent, as shown in Figure 2.2.
There are a number of different head-groups, and the type of head-group affects the
surface chemistry of a bilayer. For example, the outer leaflet of plasma membrane
contains lipids that have sugars covalently attached to them [7]. The carbohydrate
layer composed of sugars protects the cell surface from mechanical and chemical
damage [7]. Lipid head-groups are also important for cell signalling, as they can
provide specific docking sites for lipid-binding proteins [135]. The lipid hydrocarbon
chains are typically 4 to 24 carbons long. The length and saturation of chains affect
for example the thickness and the phase of the bilayer.

Lipid bilayer can exist in multiple different phases [127]. Liquid disordered phase
is a highly fluid phase. The lipids can freely move laterally in the membrane. The
packing of lipids is irregular and the hydrocarbon chains are disordered. At low
temperature, the bilayer can adopt a solid-like gel phase. The chains of lipids be-
come extended, and the stronger van der Waals interaction makes the membrane
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carbon tail (see Figure 11–6), which makes it more difficult for the tails 
to pack against one another. For this reason, lipid bilayers that contain 
a large proportion of unsaturated hydrocarbon tails are more fluid than 
those with lower proportions.

In bacterial and yeast cells, which have to adapt to varying temperatures, 
both the lengths and the unsaturation of the hydrocarbon tails in the 
bilayer are constantly adjusted to maintain the membrane at a relatively 
constant fluidity: at higher temperatures, for example, the cell makes 
membrane lipids with tails that are longer and that contain fewer dou-
ble bonds. A similar trick is used in the manufacture of margarine from 
vegetable oils. The fats produced by plants are generally unsaturated and 
therefore liquid at room temperatures, unlike animal fats such as butter 
or lard, which are generally saturated and therefore solid at room tem-
perature. Margarine is made of hydrogenated vegetable oils; their double 
bonds have been removed by the addition of hydrogen so that they are 
more solid and butterlike at room temperature.

In animal cells, membrane fluidity is modulated by the inclusion of the 
sterol cholesterol (Figure 11–16a). This molecule is present in especially 
large amounts in the plasma membrane, where it constitutes approxi-
mately 20% of the lipids in the membrane by weight. Because cholesterol 
molecules are short and rigid, they fill the spaces between neighboring 
phospholipid molecules left by the kinks in their unsaturated hydrocar-
bon tails (Figure 11–16B). In this way, cholesterol tends to stiffen the 
bilayer, making it more rigid and less permeable. The chemical prop-
erties of membrane lipids—and how they affect membrane fluidity—are 
reviewed in Movie 11.2.

For all cells, membrane fluidity is important for many reasons. It enables 
membrane proteins to diffuse rapidly in the plane of the bilayer and to 
interact with one another, as is crucial, for example, in cell signaling (dis-
cussed in Chapter 16). It permits membrane lipids and proteins to diffuse 
from sites where they are inserted into the bilayer after their synthesis to 
other regions of the cell. It allows membranes to fuse with one another 
and mix their molecules, and it ensures that membrane molecules are 
distributed evenly between daughter cells when a cell divides. If biologi-
cal membranes were not fluid, it is hard to imagine how cells could live, 
grow, and reproduce. 

the lipid bilayer is asymmetrical
Cell membranes are generally asymmetrical: they present a very different 
face to the interior of the cell or organelle than they show to the exterior. 
The two halves of the bilayer often include strikingly different sets of 

Figure 11–15 Phospholipids can move 
within the plane of the membrane. the 
drawing shows the types of movement 
possible for phospholipid molecules in a 
lipid bilayer. 
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Figure 11–16 Cholesterol tends to stiffen 
cell membranes. (a) the structure of 
cholesterol. (B) how cholesterol fits into 
the gaps between phospholipid molecules 
in a lipid bilayer. the chemical formula of 
cholesterol is shown in Figure 11–7. Figure 2.3: Cholesterol fits to gaps between phospholipids and tends to stiffen

the membrane. Figure from Reference 7. Reproduced with permission of Tay-
lor and Francis in the format Thesis/Dissertation via Copyright Clearance Center.

more tightly packed. The lateral movement of lipids slows down. The transition
temperature from liquid disordered phase to gel phase is higher when concentration
of lipids with long chains is high in the bilayer. Long chains may have more area
over which to interact with other lipids, and therefore lipids with long chains are
generally less fluid than lipids with short chains [107]. Double bonds of unsaturated
chains form kinks that prevent tight packing of lipids [7]. The strength of van der
Waals forces between lipids is decreased, and therefore unsaturation increases the
fluidity of membrane.

High concentration of cholesterol can induce a hybrid phase with properties of both
the gel phase and the liquid disordered phase. As a small hydrophobic molecule,
cholesterol can fill the holes between phospholipid molecules and increase the order
of the membrane [7] as shown in Figure 2.3. The structural formula of cholesterol is
shown in Figure 2.4. Cholesterol does not prevent the lateral diffusion of lipids, so
the membrane retains some fluidity. Hybrid phase like this is often called the liquid
ordered phase. If there are different kinds of lipids in the membrane, different phases
may coexist. According to the raft hypothesis proposed by Simons and Ikonen [114],
sphingomyelin and cholesterol would form raft-like ordered domains in membranes.
These rafts have been shown to contain a variety of proteins, and they are important
for cell signaling [103].

2.3 Cholesterol Trafficking

All nucleated cells can synthesize cholesterol from acetyl coenzyme A, but cholesterol
can also be obtained from the diet [44]. About 30% of body cholesterol comes from
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Figure 2.4: Structure of cholesterol. The carbon atoms are numbered according to
IUPAC recommendation. Figure adapted from Wikipedia2under Creative Commons
Attribution-Share Alike 4.0 International license. Original author: Rik van der
Lingen.

food [44]. Cholesterol obtained from food is absorbed by enterocytes of small intes-
tine and transported to the liver. From liver cholesterol is delivered to other parts
of body. Because cholesterol is very insoluble in water, it is transported in blood-
stream as lipoproteins [7]. Lipoproteins are small particles composed of cholesterol,
phospholipids and proteins. Most cholesterol in lipoprotein particles is esterified.
Esterified cholesterol forms the hydrophobic core of lipoprotein and the surface is
covered by amphiphilic lipids and proteins. High density lipoproteins (HDL) are
often called “good cholesterol”, because they transport cholesterol away from artery
walls, and therefore prevent atherosclerosis. Low density lipoproteins (LDL) are
known as “bad cholesterol”, because increased concentration of LDL particles in
blood is associated with increasing rate of accumulation of atherosclerosis in artery
walls. However, LDL is essential to the body because it is the main lipoprotein
that delivers cholesterol to peripheral cells [44]. Cholesterol ends up to cell through
a receptor-mediated pathway [19]. A specific LDL receptor on the surface of the
cell grabs LDL particles outside the cell, and they are then enclosed by a portion
of plasma membrane. The membrane buds inwards and forms a vesicle around the
LDL particle. The vesicle is transported to early endosome.

Endosomes are membrane-bound organelles that provide an environment for all ma-
terial taken into cell to be sorted before being recycled or degraded [7]. Early endo-
somes are the first compartment of the endocytic pathway described in Figure 2.5.
In early endosomes, molecules to be recycled, e.g. transferring receptors, are re-
moved. Early endosomes are mildly acidic, which is important for their function.
2http://commons.wikimedia.org/wiki/File:Cholesterol_overview.svg,
Accessed: 2016-12-02

http://commons.wikimedia.org/wiki/File:Cholesterol_overview.svg
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Figure 2.5: A schematic drawing of endocytic pathway. LDL receptors in the
cell membrane grab LDL particles and transport them to endosome. Esterified
cholesterol is hydrolyzed during maturation of endosome. Free cholesterol is recy-
cled. Figure from Reference 7 was reproduced with permission of Taylor and Fran-
cis in the format Thesis/Dissertation via Copyright Clearance Center.

While early endosomes mature, they become even more acidic because of the vacuo-
lar membrane proton pump [126], and their size increases through fusion with other
early endosomes. Eventually, they become late endosomes, the second compartment
of the endocytic pathway. In late endosomes molecules are sorted into smaller in-
ternal vesicles, which leads to multivesicular structure [104]. The cholesteryl esters
are hydrolyzed by acid lipase, resulting in free cholesterol [34]. The free cholesterol
likely partitions into the internal membranes of late endosomes [63, 84]. During
maturation of the late endosome most free cholesterol is removed and delivered to
other membranes to be reused [44]. From late endosomes the molecules that were
not recycled are transported to lysosomes by fusion. Albeit cholesterol is enriched in
endosomes, it is almost absent in lysosomes, likely due to efficient lipid sorting [84].
Lysosomes are the last compartment of the endocytic pathway, the digestive system
of the cell. They contain at least 50 different hydrolases, which are active in the
acidic intralysosomal environment [37]. The hydrolases break biopolymers like pro-
teins, carbohydrates, and lipids into simple compounds, which are then returned to
cytoplasm for reuse.
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Figure 2.6: Niemann–Pick disease causes enlargement of liver and spleen. Re-
published by permission from Macmillan Publishers Ltd: The American Journal of
Gastroenterology [87], copyright 2009.

2.4 Niemann–Pick Type C (NPC) Proteins

Niemann–Pick diseases are a group of lysosomal lipid storage disorders that cause
accumulation of lipids in lysosomes and endosomes. The accumulation of lipids may
cause enlargement of organs, such as liver and spleen, as shown in Figure 2.6. The
disease also causes lung and brain damage. There is no treatment available, and
patients usually die before the age of 5 years [60]. There are four main types of
Niemann–Pick diseases. Mutations in SMPD1 gene cause types A and B, in which
the activity of lysosomal enzyme acid sphingomyelinase is decreased [111]. This leads
to accumulation of sphingomyelin in lysosomes. Niemann pick types C1 and C2 are
caused by mutations in NPC1 and NPC2 genes. Loss of either NPC1 or NPC2
results in similar accumulation of cholesterol in lysosomes, suggesting that these
proteins act in a common pathway [28]. Both of these proteins are needed to prevent
cholesterol accumulation in lysosomes [109], but the mechanism of their cooperation
is not yet fully understood. Niemann pick type C is most often diagnosed early
in childhood, the symptoms being difficulty coordinating movements, speaking and
swallowing [60].

NPC2 is a 132 amino acids long small soluble glycoprotein [58]. NPC2 transports
cholesterol [22] and it binds to cholesterol with 1:1 stoichiometry [32, 96]. Us-
ing genetic and biochemical studies, three important regions in NPC2 have been
found, where even a single amino acid mutation will cause high cholesterol accumu-
lation [61].

NPC1 is a membrane glycoprotein that contains 13 transmembrane domains and
3 large luminal loops. Size of NPC1 is 1278 amino acids [26]. One of the luminal
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Figure 2.7: The structures of NPC2 and the N-terminal domain (NTD) of NPC1
bound to cholesterol. In NPC2 the hydrophobic carbon chain of cholesterol is in
the binding pocket. In NPC1(NTD) the cholesterol is bound in reverse orientation,
i.e. the hydrophilic head is inside the pocket. Reprinted from Reference 68 with
permission from Elsevier.

loops is the N-terminal domain which binds to cholesterol [68]. Another of the loops
interacts with NPC2 [27]. NPC2 accelerates the transfer of cholesterol between
liposomes and the N-terminal domain of NPC1 [47].

NPC1 binds also to oxysterols having an extra OH-group in the hydrophobic chain
(24-HC, 25-HC, and 27-HC) [45] but NPC2 does not [46]. These observations suggest
that cholesterol binds to NPC1 hydroxyl group buried in a binding pocket and
the hydrophobic chain exposed. In NPC2 cholesterol would be bound other way
around, the hydrophobic chain in the binding pocket and hydroxyl group exposed,
as illustrated in Figure 2.7. The crystal structures of cholesterol bound NPC2 [136]
and cholesterol bound N-terminal domain of NPC1 [68] reveal that this is the case.
In a hypothetical model for cholesterol transfer NPC2 picks up cholesterol and carries
it to the N-terminal domain of NPC1, which then inserts the cholesterol into the
lysosomal membrane [68]. The model is illustrated in Figure 2.8. By mutating
residues on the surface of NPC2 and NPC1, small patches on the surface of both
proteins have been identified to be important for binding of the proteins [133]. These
patches are suggested to interact and allow the transfer of cholesterol. The nearly
complete crystal structure [73] and complete cryo-EM structure [35] of human NPC1
have been recently revealed, and the studies support the “hydrophobic hand-off”
transfer model. Also a crystal structure of the complex including human NPC2 and
the NPC2-binding domain of NPC1 has been reported [72]. Docking the complex
to a complete structure of NPC1 reveals how cholesterol might move from NPC2
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Figure 2.8: The hydrophobic hand-off model. LDL brings esterified cholesterol
into lysosome/endosome. Acid lipase hydrolyzes esterified cholesterol and NPC2
transports it to NTD of NPC1. NPC1 then probably inserts cholesterol into the
sterol sensing domain. Reprinted from Reference 68 with permission from Elsevier.

to NPC1. A part of the NPC1 transmembrane domain is known as the sterol-
sensing domain (SSD) [67]. There is a cavity in the SSD, which is large enough to
accommodate one cholesterol molecule [73]. The cavity is accessible from both sides
of a lipid bilayer, so it could facilitate the transport of cholesterol from endosomal
lumen. However, there is no evidence that cholesterol would be transferred through
this cavity.

It has been shown that NPC2 transports cholesterol to membranes [22] and from
membranes [137]. Also intermembrane cholesterol transfer has been observed, and
the transfer rate depends on temperature, pH, and lipid composition of the mem-
branes [11]. FTIR and fluorescence spectral shift studies indicate that NPC2 would
bind to the membrane surface without penetrating into the hydrophobic core of a
bilayer [136]. Because of these findings it has been proposed that NPC2 would pick
up cholesterol from intraendosomal membranes and deliver it to the limiting mem-
brane [119]. NPC2 also transports cholesterol out of endosome without interacting
with NPC1 [16,57], so at the limiting membrane NPC2 could hand off the cholesterol
either to NPC1(NTD) or straight to the membrane.

Some mutations on NPC2 disturb the cholesterol transportation even though they
do not affect the affinity of cholesterol for the membrane [79]. These mutations
are located on several regions of the protein surface, which suggests that NPC2
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also potentially promotes membrane-membrane interactions [79]. These interactions
enhance cholesterol transport [79]. In some studies it is claimed that NPC2 induces
vesicle fusion [1], but according to other studies NPC2 induces only membrane
aggregation, not fusion [79].

The mechanism of transporting LDL to endosome is well documented [44]. It is
known that in endosomes, sterol esters of LDL are hydrolyzed by acid lipase [29].
Also the mechanisms of cholesterol interactions with NPC2 and NPC1, and the
interactions between the two proteins have been lately discussed in multiple stud-
ies [1,11,16,22,57,80,119,136,137]. However, the exact mechanism how cholesterol
is transported to NPC2 after it is hydrolyzed is poorly understood. It is not known
if acid lipase transports cholesterol straight to NPC2, or if it somehow inserts choles-
terol to intralumenal membranes. It has been proposed that NPC2 picks cholesterol
up from intralumenal membranes [119], but it is not known how it exactly happens.
Because of the way cholesterol binds to NPC2, it has to enter the binding pocket
hydrocarbon chain first. If NPC2 interacts with a membrane, so that the binding
pocket would be directly accessible to cholesterol, cholesterol should flip before it
enters the binding pocket. Another possibility is that NPC2 picks a cholesterol
molecule from the opposing leaflet of the bilayer. It is known that the lipid com-
position of endosomal/lysosomal membranes affects cholesterol transport, but the
mechanisms are poorly understood.

2.5 Endosomal Lipids

The lipid composition of endosomal membranes is very different compared to other
cellular membranes. Also the lipid compositions of limiting and intralumenal mem-
branes of endosomes differ [62, 65]. The internal membranes of late endosomes
can be separated into distinct populations with different lipid composition [62].
The most abundant lipids in late endosomes are phosphatidylcholine (PC) and
bis(monoacylglycero)phosphate (BMP), which is also known as lysobisphosphatidic
acid (LBPA). The portion of PC lipids varies from 20% to 70% and the portion
of BMP varies from 7% to nearly 80% [62]. Sphingomyelin is another important
lipid, taking up to 12% [62]. In late endosomes and lysosomes sphingomyelin
degrades to ceramide. Both limiting and intralumenal membranes of endosomes
contain cholesterol-rich microdomains, but they differ in protein composition and
physico-chemical properties [116]. There is some evidence that the amount of or-
dered domains would decrease during the maturation of endosome, likely because of
the decrease in the cholesterol content and the hydrolysis of sphingomyelin [25].

Abdul Hammed et al. studied the effect of NPC2 and membrane lipids typically
found in endosomal membranes on cholesterol transfer between membranes [1]. They
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Figure 2.9: Structural formulas of POPC and DPPC. Figures from LIPID MAPS
Structure Database [121].

reported that NPC2-mediated cholesterol transfer is stimulated greatly by BMP and
a little by ceramide, but inhibited by sphingomyelin. Interestingly, in presence of
BMP also ceramide has a significant effect on NPC2-mediated cholesterol trans-
port. The spontaneous transfer of cholesterol in the absence of NPC2 is greatly
enhanced by ceramide, slightly enhanced by BMP, and strongly inhibited by sph-
ingomyelin, when compared to membranes composed of only phosphatidylcholine
and cholesterol. Also effect on membrane fusion was studied. In the absence of
NPC2, ceramide induced spontaneous membrane fusion even at very low concentra-
tion. Also BMP and sphingomyelin induced spontaneous membrane fusion, but only
at higher concentrations. BMP and ceramide catalyzed NPC2-mediated membrane
fusion, but sphingomyelin inhibited it.

Phosphatidylcholine

Phospholipids are a class of lipids that have a hydrophilic phosphate head. Phos-
phatidylcholines are a subclass of phospholipids, and they are the major component
of cell membranes [7]. They make up an especially high proportion of the outer
leaflet of the plasma membrane. Also in lipoproteins that circulate in plasma, most
phospholipids are phosphatidylcholines [24]. Also, most phospholipids are phos-
phatidylcholines in lipoproteins that circulate in plasma [24].

Phosphatidylcholines are composed of a phosphocholine group and two hydrocarbon
chains attached to the glycerol backbone. The length and saturation of chains mod-
ulate the ordering of membranes [107]. Usually one of the chains is saturated and the
other has one or more double bonds. For example, 1-palmitoyl-2-oleoyl-sn-glycero-
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Figure 2.10: Structural formula of BMP. Figure from LIPID MAPS Structure
Database [121].

3-phosphocholine (POPC) has a saturated palmitoyl chain attached to sn-1 position
of glycerol and unsaturated a oleoyl chain attached to sn-2 position, as is shown in
Figure 2.9a. Both chains can also be saturated as they are in 1,2-dipalmitoyl-sn-
glycero-3-phosphocholine (DPPC), which has two saturated palmitoyl chains, as is
shown in Figure 2.9b.

BMP

Bis(monoacylglycero)phosphate (BMP) is an interesting negatively charged glycero-
phospholipid. It is not found anywhere else than endosomes and lysosomes [64].
BMP has an unusual stereoconfiguration that accounts for its higher resistance to
the action of phospholipases compared to normal phospholipids [78]. BMP is com-
posed of two glycerols linked to a phosphate group through the sn-1 carbon [18],
and two hydrocarbon chains which can be linked in the sn-3 or sn-2 positions of
the glycerols, as shown in Figure 2.10. In living cells both chains are most often
linked to sn-2 positions (2,2’-BMP) [62]. The most common hydrocarbon chain in
BMP is oleoyl [42], which is an 18 carbon atom chain with one double bond (18:1).
The intralumenal membranes of late endosomes are enriched in BMP and regulate
cholesterol transport [63]. The concentration of BMP increases during maturation
of endosomes [84], probably because of the high phospholipase resistance. BMP is
known to have fusogenic properties at low pH [62], and it has been suggested that
BMP could induce fusion of intralumenal vesicles and the limiting membrane of
endosome [69].

The cholesterol transport rates between NPC2 and vesicles is dramatically enhanced
by BMP in both directions [22, 137]. Enhancement in direct intermembrane trans-
port has also been reported [11]. A suggested explanation for this effect is that NPC2
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Figure 2.11: Structural formula of sphingomyelin. Figure from LIPID MAPS
Structure Database [121].

binds to BMP-rich regions of the membrane [55, 79]. Cholesterol is transferred to
NPC2 much faster from membranes containing negatively charged phospholipids
than from membranes containing only zwitterionic lipids [137], which suggests that
the negative charge is an important factor in NPC2–membrane interactions. How-
ever, not all anionic lipids increase the NPC2-mediated cholesterol transport, and
interestingly, even BMP with saturated 14 carbon chains (14:0) does not significantly
increase the cholesterol transport rate [11]. It has been reported in multiple studies
that BMP with unnaturally short saturated hydrocarbon chains does not stimulate
the cholesterol transports as efficiently as natural BMP with 18:1-chains [1, 137].
Cholesterol seems to have lower affinity to unsaturated phospholipids [30,124], and
because both chains of BMP are usually unsaturated, the effect of BMP on choles-
terol transport might be partly result of cholesterols decreased affinity to BMP-
rich membranes. Unsaturated chains increase the disorder of membranes [107], and
cholesterol seems to have lower affinity to disordered membranes [13,66].

According to some studies, BMP might enhance formation of multivesicular lipo-
somes, probably because it can induce bilayer asymmetry and thus invagination [77].
The reduction of BMP in late endosomes reduces the amount of intralumenal vesi-
cles [23]. Reduction of BMP also decreases cellular cholesterol levels, presumably
because the capacity of intralumenal vesicles to accommodate cholesterol is re-
duced [23].

Sphingomyelin

Sphingomyelins are phospholipids composed of a sphingosine backbone, a phospho-
choline head-group, and a hydrocarbon chain linked to the amide group of sphingo-
sine, as is shown in Figure 2.11. The chain is usually saturated [106]. Cholesterol
has higher affinity to sphingomyelin than to phosphatidylcholines, even if their hy-
drocarbon chains are similar [36, 105, 125]. Thermodynamic comparison of choles-
terol interactions with different lipids has revealed that the affinity of cholesterol to
egg sphingomyelin is 5- to 12-fold larger compared to POPC [123]. Another com-
putational study showed that the free energy of cholesterol transfer from POPC
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membrane to sphingomyelin membrane is −6.5± 3.33 kJ/mol [138].

The molecular mechanism of higher cholesterol affinity for sphingomyelin has not
been clearly established. A saturated chain of sphingomyelin is more ordered than
chain of phosphatidylcholine of the same length [75, 82, 91]. However, enhanced
hydrocarbon chain order cannot be the only reason for the effect. Cholesterol has
higher affinity to sphingomyelin than phosphatidylcholine even when the hydrocar-
bon chain order is equal [75]. Moreover, the amide group of sphingomyelin has
been suggested to form hydrogen bonds with the OH-group of cholesterol, and thus
stabilize cholesterol [75, 108]. However, studies have failed to establish a difference
in hydrogen bonds [4]. It has also been suggested that the head-group of sphin-
gomyelin would tilt towards the interior of a bilayer, and it would shield cholesterol
from water [4, 75]. This interaction would stabilize cholesterol in a membrane.

Sphingomyelin can be degraded to ceramide in late endosomes by acid sphingomyeli-
nase (ASM) [1]. Because ceramide does not inhibit cholesterol transport like sph-
ingomyelin, sphingomyelin hydrolysis to ceramide enhances NPC2-mediated choles-
terol transport [97]. Therefore, ASM is a key regulator of endolysosomal lipid di-
gestion [97]. ASM activity is regulated by membrane lipid composition [97]. For
example, BMP is an effective stimulator of sphingomyelin hydrolysis [74]. It en-
hances the interaction of ASM with lipid bilayers, possibly because of the negatively
charged head-group [74]. BMP also increases the curvature of a membrane, which
seems to help sphingomyelin degradation [74].

Ceramide

Ceramides are lipids composed of sphingosine and an hydrocarbon chain, as shown
in Figure 2.12. The difference compared to sphingomyelins is the missing phospho-
choline group. Ceramide is involved in vital cell signalling processes, for example
programmed cell death [94]. It has been suggested that the levels of ceramide in
intra-lysosomal/intra-endosomal membranes increase during organellar maturation,
because sphingomyelin is degraded to ceramide [65].
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Multiple studies have reported that ceramide displaces sterols from ordered mem-
brane domains [6, 8, 81, 117]. Both ceramide and cholesterol have small polar head-
groups and relatively large nonpolar bodies. According to the so called “umbrella
model”, lipids with a big head-group cover lipids with a smaller head-group, pre-
venting unfavorable contact between a nonpolar body and surrounding water [41].
Therefore, a possible explanation for the displacement is that ceramide competes
with cholesterol for coverage of phospholipid head-groups [81]. This explanation is
supported by the fact that the displacement of cholesterol by ceramide follows a 1:1
relation [8]. Compared to cholesterol, ceramide has a higher affinity for the ordered
bilayers and the maximum solubility of cholesterol decreases with an increase in
ceramide content [8]. However, the exact mechanism for cholesterol displacement is
not known. In 2008, Sot et al. pointed out in their article that direct demonstration
of cholesterol displacement by ceramide has not been reported [117].

Ceramide slightly increases NPC2-mediated cholesterol transfer and greatly en-
hances spontaneous cholesterol transfer [1]. A plausible explanation for how ce-
ramide enhances NPC2-mediated cholesterol transport is that ceramide moves choles-
terol from ordered, possibly sphingomyelin-rich domains to less ordered domains rich
in BMP. From BMP-rich domains cholesterol could be transported more rapidly.
This explanation is supported by the fact that ceramide increases NPC2-mediated
transport of cholesterol only slightly alone, but in the presence of BMP, the increase
is substantial [1]. In addition to NPC2-mediated cholesterol transport, ceramide
was reported to induce spontaneous liposome fusion even at low concentrations [1].
Since ceramide seems to compete with cholesterol for space in membranes, one might
guess that NPC2 could transport also ceramide. This hypothesis was tested, however
NPC2 did not transfer ceramide [1].



3. METHODS

This study was done using atomistic molecular dynamics simulations, a computa-
tional method that calculates the time dependent behavior of a molecular system.
In this chapter, the theory of molecular dynamics is first explained. In Section 3.1,
an overview of molecular dynamics simulation is given. The theory of molecular
dynamics force field is then explained in Section 3.2 and the simulation algorithms
are explained in Section 3.3. The main goal of the study was to measure the affin-
ity of cholesterol for different lipid bilayers. This was accomplished with free energy
calculations, whose theory is explained in Section 3.4. Hamiltonian replica exchange
method, which was used to increase the efficiency of free energy calculations, is ex-
plained in Section 3.5. Other properties of simulated bilayer systems were analysed
using methods explained in Section 3.6.

3.1 Overview of Molecular Dynamics

Molecular dynamics simulation is a computational method used for studying the
time evolution of a set of interacting atoms. It is a powerful tool in biophysics,
extensively used for studying proteins and lipids [76]. The atoms are treated as
points that have mass and electric charge [85]. The electronic structure of atoms is
neglected and the covalent bonds are modeled with simple pairwise potential energy
functions between atoms [85]. In addition to covalent bonds, atoms interact with
each other with Coulomb forces and van der Waals forces [85]. Together all these
forces form a force field. The force field defines a classical potential energy for the
whole system. The instantaneous forces on each atoms at time t are calculated
and Newtons equations of motion are solved to calculate the particle velocities and
positions after a small but finite time-step. Repeating the calculation of forces
after position update and solving for new positions and velocities, trajectories are
generated for each atom. The properties of the simulated system can be studied
by visualising and analysing these trajectories. A simplified flowchart of molecular
dynamics simulation is shown in Figure 3.1.

Molecular dynamics simulation is a sort of virtual reality, where many kinds of ex-
periments impossible to perform in reality, can be done. Even unphysical external
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Figure 3.1: Simplified flowchart of molecular dynamics simulation.

forces can be added to simulation in so called steered molecular dynamics simula-
tions. As all the information of each atom is known, any interesting quantity can be
directly measured with high accuracy, the limitation being basically the numerical
accuracy of the computer and the amount of computing resources available. But
the quality of results of course depends on how realistic the model is. Moreover,
a simulation of a system composed of millions of atoms is computationally heavy,
and typically thousands or millions of time-steps are needed to get enough sampling
to measure a physical quantity. Hence, lots of computational effort is needed to
achieve sufficient statistical accuracy. To achieve long enough time scales, the simu-
lations must be simplified. Neglecting the movement of electrons and replacing the
Schrödinger wave function with a simple set of equations is already a huge simplifi-
cation, but a lot more has to be done. The size of the simulation must be limited to
as small number of atoms as possible, but the system should still be big enough that
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Figure 3.2: A schematic 2D presentation of periodic boundary conditions. The pri-
mary simulation box is surrounded by images of itself. Figure from Wikipedia1used
under Creative Commons Attribution-Share Alike 4.0 International license. Original
author: Christopher Rowley.

physical properties of interest can be measured. Using periodic boundary conditions
allows running simulations with a very small simulation box. The edge effects are
eliminated by surrounding the simulation box with copies of itself. When an atom
moves through a side of the simulation box, it enters back to the box from the other
side as shown in Figure 3.2. Atoms interact only with the closest copy of other
particles of the system, so the computational cost of simulation is not increased. By
using periodic boundary conditions, a piece of a lipid bilayer can be studied as a
periodic system with less than a hundred lipid molecules in the primary simulation
box. When sufficient amount of solvent is added, the size of the system often is
a few thousand atoms, sometimes even millions of atoms. At this size scale, it is
currently possible to conduct simulations of millions of time-steps, which means in
practise hundreds of nanoseconds (or even some microseconds) of simulation time.
This is however possible only using parallel computing on a supercomputer. For
example, approximately 300 000 core hours of computational resources were used
just for the simulations presented in this thesis. On a typical desktop computer
with a quad-core processor, running those simulations would take over 8 years. On
a supercomputer, hundreds of cores are available for calculations, and the same job
can be done typically within a month.

Various software packages for molecular dynamics simulation have been developed,
for example GROMACS (GROningen MAchine for Chemical Simulations) [2], CHA-

1http://commons.wikimedia.org/wiki/File:Periodic_Boundary_Conditions_in_2D.png,
Accessed: 2016-11-15

http://commons.wikimedia.org/wiki/File:Periodic_Boundary_Conditions_in_2D.png
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RMM (Chemistry at HARvard Macromolecular Mechanics) [17], NAMD (Nanoscale
Molecular Dynamics) [102], and AMBER (Assisted Model Building with Energy Re-
finement) [21]. Often the most challenging part of simulation study is not conduct-
ing the simulation itself, but the analysis of the data collected from the simulation.
Many analysis programs are already available for studying the most common prop-
erties, and some are shipped with molecular dynamics simulation software packages
like GROMACS, which was used in this thesis. However, the existing analysis tools
do not always fit the needs of the research project, and new analysis code has to be
written.

3.2 Force Field

Force field is a collection of functions and parameters that define the interactions
between the particles in molecular dynamics simulation. The parameters may be
derived from experiments or quantum mechanical calculations. In this study, an
all-atom force field was used, which means that every atom of the system is treated
as a separated particle.

A molecule can be considered as a set of positively charged nuclei surrounded by
a set of negatively charged electrons. The potential between particles caused by
Coulomb’s law is

Vij =
qiqj
rij

, (3.1)

where qi and qj are the charges of the particles and rij is the distance between the
particles [51]. In classical mechanics the movement of particles and the evolution of
a system is described with the Newtons second law

F = ma (3.2)

−∂V
∂r

= m
d2r

dt2
, (3.3)

where F is the force acting on the particle, m is the mass of the particle and t is
time [51]. Because electrons are very light and they move fast, the classical descrip-
tion does not hold. The dynamics of a non-classical system have to be described by
the time-dependent Schrödinger equation

HΨ = ih̄
∂Ψ

∂t
, (3.4)

where H is the Hamilton operator, Ψ is the wave function of a particle and h̄ is
the Planck’s constant divided by 2π [51]. Compared to electrons, nuclei are much
heavier and move slower. According to the Born-Oppenheimer approximation, the
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Figure 3.3: Bond stretching (left) and bending (right). Figures adapted from
PumMa website2with permission of the original author.

Schrödinger equation can be separated into two parts [51]. The first part describes
the electronic wave function for fixed geometry of nuclei and the second part de-
scribes the nuclear wave function [51]. This approximation is the fundamental as-
sumption behind molecular dynamics. In classical molecular dynamics the electronic
wave function is described as a force field which acts on the nuclei. As nuclei are
heavy enough that the quantum effects are practically negligible, they are treated as
classical particles [51]. The force field is a set of simple equations that are supposed
to reproduce the potential energies derived from quantum mechanics.

In molecular dynamics it is also assumed that the potential energy of a system can
be written as sum of simple potential terms [85]. In most force fields, six terms are
used and the potential energy is

V (r) = Vbond + Vangle + Vdihedral + Vimproper + VLJ + Vcoulomb, (3.5)

where the first term describes bond stretching, second term describes angle bend-
ing, third term describes rotation of so called dihedral angles, fourth term is used
to preserve planarity of groups, fifth term describes Pauli repulsion and van der
Waals interactions, and the last term describes Coulomb interactions [85]. The
bond stretching is represented as a harmonic potential

Vbond =
∑
bonds

kr
2
(rij − r0)

2, (3.6)

where kr is the force constant and rij is the distance between atoms and r0 the
reference distance [85]. The force constant is normally quite high, because a lot of
force is needed to stretch a covalent bond. Because the bond length deviation from
the reference distance is normally small, the harmonic potential is a good enough
approximation [85]. However, more accurate representations are sometimes used.

2http://cbio.bmt.tue.nl/pumma/index.php/Theory/Potentials, Accessed: 2016-11-14

http://cbio.bmt.tue.nl/pumma/index.php/Theory/Potentials
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φ

ψ

Figure 3.4: Dihedral angle (left) and improper dihedral angle (right). Figures
adapted from PumMa website3with permission of the original author.

Also bond angle bending is represented as a harmonic potential:

Vangle =
∑
angles

kθ
2
(θ − θ0)

2. (3.7)

Force constant kθ is typically lower than kr as angles can be easily deviated a bit
from the reference angle θ0 [85]. Higher order terms can be used to increase accuracy,
but they are generally not needed [85]. Bond stretching and bending is illustrated
in Figure 3.3. Rotation of dihedral angles is represented as a cosine function

Vdihedral =
∑

dihedrals

kϕ
2
(1 + cos (nϕ− ϕ0)) , (3.8)

where kϕ is the height of the energy barrier, n is the number of minima, ϕ is the
rotation angle, and ϕ0 is the phase factor [85]. The force field might include more
than one term per dihedral angle [85]. Improper dihedral terms have the form of

Vimproper =
∑

impropers

kψ
2
(ψ − ψ0)

2, (3.9)

where ψ is the angle between two planes defined by two sets of atoms as shown in
Figure 3.4 [85]. They are often used to preserve planarity of certain groups with
planar geometry, or to maintain chirality [85]. In reality, all the bonded terms are
coupled, so the bond stretching might, for example, affect the shape of the bond
angle term. Force fields might use cross-terms to increase accuracy in such cases [85].

The last two terms of Equation 3.5 represent the non-bonded forces calculated for
inter-molecular atom pairs and intramolecular atom pairs separated by more than
two bonds [85]. The Pauli repulsion and attractive and van der Waals forces are

3http://cbio.bmt.tue.nl/pumma/index.php/Theory/Potentials, Accessed: 2016-11-14

http://cbio.bmt.tue.nl/pumma/index.php/Theory/Potentials
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Figure 3.5: Lennard-Jones potential. The ϵ is the depth of potential well, and σ is
the distance at which the potential is zero. At rm the potential reaches its minimum.
For distances smaller than rm, the potential is repulsive, and for longer distances is
is attractive.

represented as the Lennard-Jones potential

VLJ =
∑

non-bonded
pairs

4ϵ

[(
σij
rij

)12

−
(
σij
rij

)6
]
, (3.10)

where ϵ is the depth of the potential well, rij is the distance of particles, and σij is
the distance at which the potential is zero [85]. The potential reaches minimum at
rm = 21/6σ. For distances smaller than rm the particles repel each other, and for
distances bigger than rm they attract each other. The shape of the Lennard-Jones
potential is shown in Figure 3.5. At long distances the attractive dispersion forces
dominate and the potential is negative. When atoms get closer to each other, they
start to repel each other due to Pauli exclusion principle. The repulsive force would
be more realistically represented by the exponential form

V (rij) = exp(−2krij/a0), (3.11)

where a0 is Bohr radius, but calculating the exponential is a very time-consuming
process and is, therefore, avoided [85]. The 12th power form in the Lennard-Jones
potential is accurate enough and much faster [85]. As the Lennard-Jones poten-
tial has to be evaluated for all atom pairs in the simulated system, the number of
evaluations increases as the square of the number of atoms. But the Lennard-Jones
potential is very small for large rij, so it is often truncated at some cut-off distance
to save computational effort [113]. This way the potential has to be calculated only
for atoms that are close to each other instead of all atom pairs in the simulated sys-
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tem. The cut-off introduces a discontinuity in potential energy, which might affect
the energy conservation and pressure of the simulated system [9]. These problems
can be solved by shifting the potential so that the potential is zero at the cut-off
distance, and by deriving dispersion correction terms for energy and pressure based
on the assumption that the system is homogeneous beyond the cut-off distance [9].

The electronegativity difference of atoms causes unequal distribution of charge. As
the locations of electrons are ignored in molecular dynamics, a constant partial
charge q is assigned to each atom. This way the electrostatic potential of molecule
is easily calculated as a sum of Coulomb interactions:

Vcoulomb =
∑

non-bonded
pairs

qiqj
4πϵ0rij

, (3.12)

where ϵ0 is vacuum permittivity [85]. In reality, the partial charge is affected by
chemical environment, and the so-called polarizable force fields are developed to
take this effect into account. Also Coulomb interactions have to be evaluated for
each atom pair in the system, and because they decay very slowly as a function
of r−1

ij , they cannot be simply cut-off like the Lennard-Jones potential. If periodic
boundary conditions are used, also the contribution of periodic images around the
simulation box had to be taken into account. Then, the sum of Coulomb interactions
is

V =
1

2

∑
n

N∑
i=1

N∑
j=1

qiqj
4πϵ0|rij + n| , (3.13)

where n denotes the position of the periodic image relative to the primary simulation
box [70]. This equation converges extremely slowly [70]. Using identity

1

r
=
f(r)

r
+

1− f(r)

r
, (3.14)

and the assumption that each charge is surrounded by a neutralizing charge distri-
bution

ρi(r) =
qiα

3

π3/2
exp(−α2r2), (3.15)
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it can be converted to

V =
1

2

N∑
i=1

N∑
j=1

∞∑′

|n|=0

qiqj
4πϵ0

erfc(α|rij + n|)
|rij + n|

+
1

2

N∑
i=1

N∑
j=1

∑
k ̸=0

1

πL3

qiqj
4πϵ0

4π2

k2
exp

(
− k2

4α2

)
cos(k · rij)

− 1

2

N∑
i=1

N∑
j=1

α√
π

N∑
k=1

q2k
4πϵ0

,

(3.16)

where

erfc(x) =
2

π

∫ ∞

x

exp(−t2)dt (3.17)

is the complementary error function [70]. This method is called Ewald summation.
The first term of Ewald summation is a sum of the interactions between the charges
and the neutralizing charge distributions [70]. The prime on the summation indi-
cates that interactions i = j are excluded for n = 0. The error function in the first
term converges rapidly [70]. The second term counteracts the neutralizing charge
distributions [70]. It is performed in reciprocal space and it converges much faster
than the original point-charge sum [70]. The third term compensates the interac-
tions between charge distributions, which were included in the first term [70]. This
way the long range forces can be included in high accuracy with reasonably low
computational effort [70]. Particle-mesh Ewald (PME) is a method developed to
improve the performance of the reciprocal sum of the second term using fast Fourier
transformations (FFT) [70].

There is no unique way to choose the parameters for the force field functions, and
therefore, many different force fields have been developed. In all-atom force fields
parameters are provided for every atom of a molecule. In united-atom force fields
nonpolar hydrogens are included in heavier atoms to reduce the computational effort.
In coarse-grained force fields several atoms are combined into one bead to simplify
the model even more. The most widely used all-atom force fields for lipid simulations
are CHARMM general force field (CGenFF) [59, 128] and general AMBER force
field (GAFF)[132]. In this thesis, the Stockholm lipids (Slipids) force field [49]
was used for lipids. Slipids was developed from the CHARMM force field to be
compatible with AMBER protein and biomolecular force fields [49]. It is based
on high-level ab initio calculations with some empirical input [49]. It has been
verified by comparing measurable quantities like area per lipid, lateral diffusion,
and deuterium order parameter to experimental findings [49]. The Slipids force field
reproduces these and gives the correct phase behaviour [49]. The Slipids force field
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was first published for saturated phosphatidylcholines [49], and later extended to
cover unsaturated chains [50], sphingomyelins, and cholesterol [48].

3.3 Algorithms

System preparation and energy minimization

In theory, a molecular dynamics simulation could be started using random positions
of atoms as a starting configuration. In practise, this simulation would probably
crash because forces acting to atoms would be too high. Even if it did not crash, the
structure of complex molecules like proteins would never reach their native struc-
ture. Therefore, the initial structure of simulation must be built with care. When
simulating proteins, the structure of a protein can be obtained, for example, from the
Protein Data Bank (PDB) [15], a database that contains three-dimensional struc-
tures of thousands of different proteins, usually obtained by X-ray crystallography or
NMR spectroscopy. Lipids are less complex than proteins, but also when simulating
lipid membranes, it is practical to start with an optimized structure. The leaflets of
a bilayer can, then, be built by placing single lipids in a grid. Automated tools for
building membranes, such as CHARMM-GUI [53] membrane builder [52, 54], have
been developed to make setting up simulations easier.

When a starting structure has been built, it must be ensured that the initial forces
in the system are not too high. Otherwise, the simulated molecules will distort
during the first time-steps of the simulation, and the simulation will probably crash.
Usually, an energy minimization simulation is used to ensure the quality of initial
structure. The force field is used to find a local minimum on the potential surface.
Multiple protocols for energy minimization exist. First-order minimization methods,
for example the steepest descent and conjugate gradient, use just the first derivative
of potential function, namely the steepness of potential energy function, to find the
local minimum. Second-order methods, like the Newton-Raphson method, use also
the second derivative of potential energy function. Complicated methods might be
more efficient if the system is already close to a minimum, but they might fail if the
system is too far away from the minimum.

The steepest descent method is not a very efficient algorithm, but due to its simplic-
ity and robustness it is very popular. Starting from the initial positions, the atoms
of the system are moved in direction of the potential energy gradient. For each step
n the new positions are calculated by

r(n+ 1) = r(n) +
F(n)

max(|F(n)|)hn, (3.18)
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where hn is a maximum displacement, and max(|F(n)|) is the largest absolute value
of the force components. If the new positions decrease the total potential energy,
the maximum displacement of the next step is increased. If the potential energy
increases, the new positions are rejected and calculated again with smaller hn. The
algorithm stops when the gradient of potential reaches a value smaller than the
tolerance value defined by the user, or when a specified number of steps has been
performed.

Integrators

To start a molecular dynamics simulation, the positions and velocities of all atoms
must be known. If the velocities are not known, they can be generated based on the
temperature T of the system. The probability density of velocity vi of atom with
mass mi follows the Maxwell-Boltzmann distribution

p(vi) =

√
mi

2πkBT
exp

(
−mivi

2

2kBT

)
, (3.19)

where kB is Boltzmann’s constant [70]. Starting from the initial conditions, the
Newton’s equations of motion are numerically integrated using an appropriate in-
tegrator. In a simple integrator, called the Verlet algorithm [129], the position of
atom at time-step t+∆t is calculated as

r(t+∆t) = 2r(t)− r(t−∆t) + a(t)∆t2, (3.20)

where a is the acceleration and ∆t is the length of the time-step. In this algorithm
the velocity is not calculated but knowledge from two previous time-steps are needed
for evaluation of the next time-step. A modification of the Verlet algorithm which
explicitly incorporates velocity is called Velocity Verlet [122]. The positions and
velocities at the next time-step are calculated as

r(t+∆t) = r(t) + v(t)∆t+
1

2
a(t)∆t2 (3.21)

v(t+∆t) = v(t) +
a(t) + a(t+∆t)

2
∆t. (3.22)

The velocity and positions can also be solved at half time-step intervals:

v(t+
1

2
∆t) = v(t− 1

2
∆t) + a(t)∆t (3.23)

r(t+∆t) = r(t) + v(t+
1

2
∆t)∆t. (3.24)
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This method is called the leapfrog algorithm [70]. Leapfrog is time-reversible and
conserves total energy. The disadvantage of leapfrog is that velocities are not known
for the same time-step as positions, so the total energy can not be evaluated. How-
ever, the velocity of step t can be estimated by taking the average of steps t− 1

2
∆t

and t + 1
2
∆t. The advantage of Velocity Verlet is more accurate temperature and

pressure coupling compared to leapfrog, because positions, velocities, and accelera-
tions are given at the same time.

Temperature coupling

The molecular dynamics simulations of biomolecules are usually conducted in the
canonical (constant volume and temperature, NVT) or isothermal-isobaric (constant
pressure and temperature, NPT) ensemble instead of the microcanonical ensemble
(constant volume and energy, NVE). To keep the average temperature and pressure
constant, thermostat and barostat algorithms are used. According to the equiparti-
tion theorem, the instantaneous temperature T (t) is related to instantaneous kinetic
energy K of the system by

K(t) =
3

2
NkBT (t), (3.25)

where N is the number of degrees of freedom and kB is the Boltzmann constant.
The kinetic energy, and therefore the temperature, can be adjusted by scaling the
velocities of the system. Berendsen thermostat [14] corrects the temperature of the
system by coupling it to an external heat bath, so that the deviation of T (t) from
reference temperature T0 exponentially decays with a time constant τT :

dT (t)

dt
=
T0 − T (t)

τT
. (3.26)

The time constant can be set smaller or bigger depending on the purpose of the
simulation. With a small time constant the temperature of the system is quickly
adjusted, which is useful for running equilibration simulations started from an energy
minimized structure. The temperature adjustment is done by scaling velocities with
a factor s [51]:

s =

√
1 +

∆t

τT

(
T0
T (t)

− 1

)
. (3.27)

Berendsen thermostat suppresses the fluctuations of kinetic energy, which leads to an
incorrect canonical ensemble. For large systems this does not affect most calculated
properties, but more accurate algorithms have been developed. The Nosé-Hoover
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thermostat was developed by Nosé [92] and later improved by Hoover [40]. The idea
of the algorithm is adding a friction term into the equations of motion to keep the
kinetic energy constant by transferring energy between the system and an artificial
heat reservoir:

d2r(t)

dt2
=

F(t)

m
− ξ(t)

dr(t)

dt
. (3.28)

Variable ξ is the thermodynamic friction coefficient defined as

dξ(t)

dt
=

1

Q
(T (t)− T0), (3.29)

where Q is a “mass parameter” which determines the strength of the coupling. The
Nosé-Hoover thermostat generates the correct canonical ensemble. The kinetic en-
ergy oscillates between the system and the reservoir with a period of

τT =

√
4π2Q

T0
. (3.30)

The oscillation period, τT , is a more convenient way to set the strength of the
coupling, and it is, therefore, used in many molecular dynamics software packages.

Even if the thermostat algorithm could keep the average temperature of a system
stable, it does not mean that all the components of a system have the same stable
temperature. An imperfect energy exchange between the components might cause
a temperature difference between them. For example, in a system composed of a
protein solvated in water, the protein tends to cool down, while water heats up.
This problem is commonly tackled by dividing the system in groups, and coupling
them to separate heat baths at the same temperature.

The introduced thermostat algorithms only work well for systems with a large num-
ber of degrees of freedom. In some special cases of molecular dynamics simulation,
molecules are simulated in vacuum, and therefore, the system has just a few degrees
of freedom. In such cases, another approach to control simulation temperature
should be used. In stochastic dynamics, a friction term ξ dr(t)

dt
and a noise term η(t)

are added to the equations of motion:

d2r(t)

dt2
=

F(t)

m
− ξ

dr(t)

dt
+ η(t). (3.31)

In GROMACS this idea is implemented to the modified leapfrog algorithm as an
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impulsive action of friction and noise. The steps of the modified algorithm are:

u = v(t− 1

2
∆t) + a(t)∆t (3.32)

∆v = −fu+

√
(1− f 2)

kBT0
m

R (3.33)

x(t+∆t) = x(t) + (u+
1

2
∆v)∆t (3.34)

v(t+
1

2
∆t) = u+∆v, (3.35)

where f = 1 − e−ξ∆t and R is a random number with standard normal distribu-
tion [3]. This method preserves the canonical distribution [33] and does not cause
accumulation of errors for the translational and rotational degrees of freedom, when
simulating systems in vacuum [3]. The friction constant ξ has units of inverse time.
When ξ−1 is large enough, the friction term will keep the simulation temperature
stable [3].

Pressure coupling

If a system is simulated in the isobaric-isothermal (NPT) ensemble, the pressure
must be regulated in a similar way to temperature. The pressure in molecular
dynamics simulation can be calculated as

P =
2

3V
(K − Ξ), (3.36)

where V is the simulation box volume, K is the kinetic energy and Ξ is the inner
virial defined as

Ξ = −1

2

∑
i<j

rij · Fij, (3.37)

where rij is the difference of positions of two atoms, Fij is the force acting on atom
i due to atom j [14]. The Berendsen barostat [14] couples the system to a pressure
bath. The algorithm induces a pressure change

dP (t)

dt
=
P0 − P (t)

τP
(3.38)

by changing the virial by scaling the inter-atom distances. The inter-atom distances
can be scaled simply by scaling the position vectors of atoms and the size of the
simulation box. If the positions of all atoms are scaled by a scaling factor 1+α, the
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simulation box volume change is

dV

dt
= 3αV . (3.39)

The volume change as response to pressure change depends on the compressibility
β as

β = − 1

V

dV

dP
. (3.40)

From equations 3.38, 3.39, and 3.40 it can be determined that

α = −β
3

(
P0 − P (t)

τP

)
, (3.41)

so the atom positions and box size are scaled by

µ = 1− β

3

∆t

τP
(P0 − P (t)) . (3.42)

The Berendsen barostat does not reproduce the correct ensemble, but like the
Berendsen thermostat, it is very useful for equilibrating systems before starting
the production runs. For example, when calculating thermodynamic properties,
the correct fluctuations of pressure and volume are important, so the Berendsen
thermostat should not be used.

The first extended ensemble barostat algorithm was developed by Andersen [10].
The idea of the algorithm is to introduce fictional piston with mass Q to system.
The kinetic energy of the piston is

K(t) =
1

2
Q

(
dV (t)

dt

)2

, (3.43)

and the potential energy is

U(t) = P0V (t). (3.44)

This barostat algorithm was extended to allow a change of shape of the simulation
box by Parrinello and Rahman [101], and it is, therefore, called the Parrinello-
Rahman barostat. It was further extended to include long-range charge-charge in-
teractions by Nosé and Klein [93]. The Parrinello-Rahman barostat produces the
correct NPT ensemble [3].
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Constraints

The maximum length of time-step in molecular dynamics simulation is limited by
the motions with the highest frequency. The fastest motions are intramolecular
bond vibrations, which are generally not very interesting. To make simulations
more efficient by increasing the length of time-step, intramolecular vibrations can
be frozen by constraining the bond lengths and, in some cases, the angles [70].
The terms constraint and restraint should not be confused, as they have different
meaning in molecular dynamics. Restraints are artificial forces used for example in
steered molecular dynamics.

The SHAKE [110] algorithm introduces the constraints as a constraint force in the
equations of motion:

d2r(t)

dt2
=

F(t)

m
+

G(t)

m
, (3.45)

where F is the force from the force field and G is the force due to constraints. The
constraint force is defined as

G = −
Nk∑
k=1

λk
∂σk
∂r

, (3.46)

where Nk is the number of constraints, and σk and λk are the constraint equation
and the Lagrange multiplier associated with the constraint k, respectively. The
Lagrange multipliers are iteratively solved until a user-defined tolerance in constraint
equations is achieved. Several iterations might be necessary, so it can consume
significant amounts of CPU time.

LINear Constraint Solver (LINCS) [39] is a non-iterative algorithm, which is three
to four times faster than SHAKE. The algorithm resets the bond length in two
steps after unconstrained update of atom positions. The first step moves the end
points of the new bond in direction parallel to the old bond until the length of the
new bond becomes d cos θ, where d is length of the old bond, and θ is the angle
between the old and the new bonds after the first step. In other words, the length
of projection of the new bond onto the old bond is equal to d. During the second
step, the end points of the updated new bond are again moved in direction parallel
to the old bond, until the length of the new bond is equal to the length of the old
bond. Also, a parallel version of LINCS, P-LINCS [38], has been developed.

As mentioned in Section 3.2, the calculation of non-bonded forces is very time con-
suming, and therefore, the forces are evaluated only for atom pairs within some
defined cut-off distance. However, even the calculation of just the distances for ev-
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ery atom pair is computationally expensive task. Since atoms do not move a lot
during one simulation step, the neighbors of an atom remain the same for a few
simulation steps. It is, therefore, smart to make a list of the neighbors of each atom,
and search atom pairs within that list. The pair list must include atom pairs with
a slightly larger distance than the cut-off used for the van der Waals potential and
the electrostatic potential. The list also has to be updated often enough to account
for the atoms outside the cutoff moving inside. A buffered list like this was first
proposed by Verlet [129]. If a fixed pair list radius and update frequency is used
for performance reasons, as is done in GROMACS, it is possible that sometimes in-
teractions of a few atoms within cut-off are not calculated, because some atoms are
excluded from the pair list. This will cause a small energy drift that depends of the
simulation temperature. The upper bound of the error caused by energy drift can
be estimated, and it can be adjusted by increasing the size of the pair list buffer [99].
Increasing the buffer size of course increases the computational cost, so a balance
between simulation accuracy and speed has to be found.

Neighbor searching

For large systems the computational cost of the pair list update can be very high.
If the cut-off distance is much smaller than the size of the simulation box, the
simulation box can be divided into small cells. The size of each cell is at least the
cut-off distance. The neighbors of an atom are then found from the same cell, or the
neighbor cells. Therefore, there is no need to calculate distances to atoms in other
cells, and the computational cost of the pair list update is reduced.

To further increase the efficiency of pair search, the atoms of the systems can be
divided into clusters of atoms close to each other. The pair list can then be a list
of clusters instead of a list of atoms, as is illustrated in Figure 3.6. In GROMACS,
clusters of 4 or 8 atoms are used [3]. This is convenient for stream computing, as
the pair search can be done between two clusters using CPU acceleration techniques
like SSE, AVX, or GPU acceleration like CUDA [3]. Also, the force calculation can
be done between clusters. In GROMACS huge improvements in performance have
been achieved by offloading the short-range non-bonded force calculation to GPU,
while the CPU is used for calculation of bonded forces and long-range electrostatics
(PME) [98]. Also, many integrated core (MIC) processors like Xeon Phi can be used
to accelerate simulation [5].
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Figure 3.6: In classical buffered pair list (left), the atom pairs are searched from
atoms inside the pair list cut-off (dashed line). Interactions are evaluated for atoms
within the interaction cut-off (solid line). In cluster pair list (right) atom pairs
are searched from clusters, where at least one atom is within the pair list cut-off
(blue atoms). Figure from Reference 2 used under Creative Commons Attribution
License.

3.4 Free Energy

According to the first law of thermodynamics, the total energy of an isolated system
is constant. The total internal energy has two components: kinetic energy and
potential energy. The change in the internal energy of a closed but not isolated
system is equal to the difference of amount of heat supplied to the system and the
amount of work done by the system. The Helmholtz free energy is the amount of
work that can be performed by a system in constant temperature and volume. The
Helmholtz free energy is defined as

A = U − TS, (3.47)

where U is the internal energy of the system, T is the absolute temperature, and S
is the entropy. Because reactions in biological systems typically occur at constant
pressure instead of constant volume, the more relevant quantity is the Gibbs free
energy. The Gibbs free energy is the amount of usable energy of the system at
constant temperature and pressure, and it is defined as

G = U + PV − TS = H − TS, (3.48)
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Figure 3.7: Thermodynamic cycle. To find out to which bilayer cholesterol has
stronger affinity, one can measure the free energy of removing one cholesterol from
each bilayer. The affinity difference then is their difference: ∆∆G = ∆GA −∆GB.
In molecular dynamics simulation the removal of molecule can be done switching off
all its interactions with other molecules. The molecule then is effectively in vacuum.

where, P is the pressure, V is the volume, and H is the enthalpy. The change of
Gibbs free energy

∆G = ∆H − T∆S, (3.49)

is used to determine the spontaneity of a process. When ∆G for a process is negative,
the process will proceed spontaneously. If ∆G is positive, the process will proceed
spontaneously in the reverse direction. If ∆G is zero, the system is in equilibrium.

The free energy is a state function, that is, the free energy only depends on the
equilibrium state of the system and is path independent. Therefore, thermody-
namic cycles can be used to calculate the free energy difference between two states
using convenient but not necessarily physical paths. Besides, the path between the
two states can be divided to intermediate states that form a thermodynamic cycle.
The intermediate states may even be nonphysical, as far as the processes between
the states are reversible, and the free energy difference can be measured. In molec-
ular dynamics, thermodynamic cycles are often used, for example, for measuring
binding energies of a protein-ligand system, because measuring the free energy of a
binding process would otherwise require extremely long simulation times and large
simulation systems.
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The free energy difference for moving one cholesterol molecule from a membrane
to another can be calculated using the thermodynamic cycle shown in Figure 3.7.
Relative binding free energy of cholesterol to membranes A and B can be measured
by evaluating the free energy for transferring cholesterol from vacuum to membranes
A and B separately and taking the difference. In practise, this can be done by
turning off all interactions between cholesterol molecule and its environment in each
system, so that the cholesterol molecule is effectively in vacuum. The free energy
for moving cholesterol from membrane to vacuum can be calculated, and the free
energy difference between membranes A and B then is

∆∆G = ∆GA −∆GB, (3.50)

where ∆GA and ∆GB are the free energies of moving cholesterol from membrane A
or B, respectively, to vacuum.

Free energy perturbation

The absolute value of Gibbs free energy is difficult to calculate from molecular
dynamics simulation, but using the free energy perturbation method, it is possible
to calculate the free energy difference between two equilibrium states. The free
energy difference between the states A and B can be estimated using the Zwanzig
equation

GA −GB = ∆G = kBT ln⟨e(EA−EB)/kBT ⟩A, (3.51)

where kB is Boltzmann constant, T is temperature, EA and EB are the energy
functions of states A and B, respectively, evaluated for each configuration sampled
from state A, and angular brackets denote ensemble average over all such configu-
rations [70]. If there is substantial phase space overlap between states A and B, the
energy difference EA −EB is lower than the thermal energy kBT on average and the
∆G can be estimated accurately in reasonable simulation time. If EA −EB is large
on average, some arbitrary intermediate states with phase space overlap between A
and B can be used. For the intermediate states, energy function is

Eλ = λEA + (1− λ)EB, (3.52)

where λ is a coupling parameter between zero and one [51]. The free energy differ-
ences between subsequent intermediate states can then be summed to produce free
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energy difference between states A and B:

∆GAB = ∆Gλnλn−1 +∆Gλn−1λn−2 + · · ·+∆Gλ1λ0 , (3.53)

where λn is associated with state A and λ0 is associated with state B. The number
of intermediate states should be chosen so that the energy difference between subse-
quent states is small enough. A separate simulation is conducted for each state, so
using many states increases the computational cost. The λ values for the intermedi-
ate states should be chosen so that the free energy differences between the neighbors
are equal.

For van der Waals and Coulomb terms the simple linear interpolation would cause
troubles. When λ is near zero, the interactions between atoms are very weak, and
they might get very close to each other. This would cause a large energy difference
between the neighboring windows. To prevent overlap of atoms, so-called “soft-core”
potentials can be used. In GROMACS, the soft-core potentials are implemented as
shifted versions of the original van der Waals and Coulomb potentials [3]. The
soft-core potential is

VSC(r) = λV (rSC), (3.54)

where V is the normal van der Waals or Coulomb potential, and

rSC = (ασ6(1− λ)p + r6)
1
6 , (3.55)

where α is a soft-core parameter, p is soft-core λ power, and σ is the radius of the
interaction [3]. Clearly, rSC = r when λ = 1, and VSC = V = 0 when λ = 0, so
using soft-core potentials do not affect potential energies when λ is 0 or 1. For
intermediate values of λ, the soft-core potentials have a very small effect when r

is bigger than α1/6σ. For smaller r, the soft-core potential has a nearly constant
value. In essence, soft-core potentials do not affect the end states, but improve the
convergence of the calculations.

Bennett acceptance ratio

The free energy difference of states A and B could be obtained from a single simula-
tion of state A. The potential energies would be evaluated for energy functions EA

and EB and the free energy would be calculated according to Equation 3.51. How-
ever, the state B, then, would not be sampled well, so this is not an optimal way
to estimate ∆G. The potential energy difference between states can be evaluated
in two directions by performing simulations both in state A and state B. ∆EAB is
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the difference of EA and EB for sample b of state B and ∆EBA is the difference of
EB and EA for sample a of state A. The distributions of ∆EBA and ∆EAB should
overlap.

Bennett acceptance ratio (BAR) [12] is a method for solving the free energy differ-
ence of two states. ∆EAB and ∆EBA have a direct relationship which can be used
to derive the equation

nb∑
b=1

1

1 + exp(ln(na/nb) +
1

kBT
∆EAB − 1

kBT
∆G)

−
na∑
a=1

1

1 + exp(ln(nb/na)− 1
kBT

∆EBA + 1
kBT

∆G)
= 0,

(3.56)

where na and nb are the number of independent samples obtained from states A and
B, respectively [112]. From this equation the ∆G between states A and B can be
numerically solved in a statistically optimal way.

3.5 Hamiltonian Replica Exchange

The microstates sampled by molecular dynamics are usually just a small subset of
the entire thermodynamic ensemble. Because it is generally the ensemble average of
variables that should be measured, the sampled microstates should represent a big
enough portion of possible microstates. The sampling, and therefore the accuracy
of ensemble average, can be increased by increasing the length of the simulation.
Replica exchange is a method used for enhancing the sampling of molecular dynamics
simulation by running multiple parallel simulations in slightly different ensembles.
The configurations of two simulations are periodically swapped, as illustrated in
Figure 3.8. This way each simulation will sample a larger set of microstates, and the
ensemble average of a variable of interest can be measured more accurately. Often
the temperature of simulations is different and the increased kinetic energy in high
temperature replicas helps the system to overcome energy barriers, and therefore a
larger portion of possible microstates can be sampled. This is called temperature
replica exchange molecular dynamics, or parallel tempering.

For free energy perturbation calculations, multiple similar simulations are needed
anyway, and the ensembles are different because the potential energy functions are
different. In this case Hamiltonian replica exchange can be used. Hamiltonian
replica exchange is implemented in the latest versions of GROMACS [20]. When
replica exchange is attempted, the probability of successful exchange between two
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λ

time

Figure 3.8: In replica exchange molecular dynamics, the configurations of paral-
lel simulations are periodically exchanged to improve sampling of each simulation.
When running free energy calculations, the difference between replicas is the λ cou-
pling parameter.

adjacent states A and B is defined by the Metropolis criterion:

P (A ↔ B) = min
(
1, e−(EA(rA)+EB(rB)−EA(rB)−EB(rA))/kBT

)
, (3.57)

where EA and EB are the energy functions of states A and B, and rA and rB are the
configurations of the states [20]. The probability of exchange is higher when the sum
of potential energy changes is low. The exchange rate that produces most efficient
sampling depends on the studied system and the purpose of the study. The rule
of thumb is that exchanges should be performed often, but no more often than the
potential energy autocorrelation time [115]. To sum up, variants of replica exchange
are useful in improving sampling and the convergence of free enrgy estimates.

3.6 Analysis Methods

Structure of membrane

The area per lipid is an important quantity that characterizes the structure of a
bilayer [76]. It is often used for validation of force field parameters [76]. The number
of lipids is constant during the simulation and the area of the simulated membrane
depends on the size of the simulation box. The area per lipid can therefore be
calculated as

AL =
xy

Nleaflet
, (3.58)
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where x and y are the lengths of sides of the simulation box, and Nleaflet is the
number of lipids in one leaflet.

The thickness of the membrane is another important variable, but it is not as easy
to define. Many different definitions for membrane thickness exist [86], but in this
thesis the bilayer thickness is defined simply as the average distance (along the axis
parallel to the bilayer normal) between the phosphorus atoms of phospholipid head-
groups on the opposite leaflets of bilayer. As this is complicated to do using default
tools of GROMACS, a modified version of gmx-distance was written for the task
(available online4).

Order parameter

The deuterium order parameter is a variable often used for measuring the amount
of order in lipid bilayers. It can be experimentally measured using nuclear magnetic
resonance, and it is, sometimes, used for force field validation. The deuterium order
parameter is defined as

SCD =
1

2
⟨3 cos2 θCD − 1⟩, (3.59)

where θCD is the angle between the carbon–deuterium bond and bilayer normal [130].
A hydrocarbon chain in the all-trans configuration is fully ordered when |SCD| = 0.5.
For a disordered chain, |SCD| is lower.

From simulations the angle θCD for each carbon Cn of saturated chains can be
deduced from the positions of the two carbons Cn−1 and Cn+1 bound to it, as the
line connecting Cn−1 and Cn+1 is orthogonal to Cn–hydrogen bonds. This does not
apply to unsaturated chains, because the geometry of double bonds is different, so it
must be taken care that SCD is correctly calculated for carbons with double bonds.
The GROMACS tool gmx-order can calculate |SCD| for saturated and unsaturated
chains.

Solvent accessible surface area

Solvent accessible surface area (SASA) was first used to study proteins [71], but it
is a useful measurable quantity for of any kind of biomolecule. When studying lipid
bilayers, SASA can be used to measure which components have most contacts with
water. The exposure of hydrophobic molecules like cholesterol to water is energeti-

4http://github.com/jundi/

http://github.com/jundi/
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van der Waals surface

accessible surface

Figure 3.9: Illustration of solvent accessible surface area in 2D. The surface of
molecule composed of three red atoms is probed by a blue test particle. Figure from
Wikipedia5used under Creative Commons Attribution-Share Alike 3.0 Unported li-
cense. Original author: Keith Callenberg.

cally unfavorable. Therefore, cholesterol might have higher affinity to environments
where the exposure is minimal.

From a molecular dynamics trajectory SASA is estimated by probing the van der
Waals surface of a molecule with a test particle as shown in Figure 3.9. The size
of the test particle is set equal to the size of a solvent molecule. The test particle
is rolled along the van der Waals surface of the probed molecule. SASA is defined
by the space the test particle can access. SASA of a membrane can be calculated
with the GROMACS tool gmx-sasa. Also, the contribution of each lipid type can
be determined.

Radial distribution of lipids

Radial distribution function (RDF) describes how the density of particles varies as
a function of distance from a reference particle. The RDF of a particle around some
reference point is defined as

g(r) =
⟨ρ(r)⟩
⟨ρlocal⟩

, (3.60)

where ρ(r) is the density of particles at distance r, ρlocal is the average density of
particles, and the brackets denote time average [3]. The interactions between lipids
in a membrane can be analyzed using radial distribution functions. If certain lipids

5http://commons.wikimedia.org/wiki/File:Accessible_surface.svg,
Accessed: 2016-11-23

http://commons.wikimedia.org/wiki/File:Accessible_surface.svg
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Figure 3.10: Geometrical criterion of hydrogen bond in the GROMACS tool gmx-
hbond. Angle αHB ≤ 35◦ and distance rHB ≤ 0.35nm.

preferably interact with a certain type of lipids, it might affect the lateral distribution
of lipids in the membrane. A lipid is probably surrounded by lipid types it prefers
to interact with, and this can be seen as a peak in the radial distribution function.

From molecular dynamics trajectory the RDF of any kind of particle can be cal-
culated with the GROMACS tool gmx-rdf. The particle could be for example a
molecule or an individual atom. One or more reference point can be used, so for
example a set of molecules can be used as reference. If the RDF peaks at small r,
it indicates that the particle tends to be close to the chosen reference point. When
studying lipid bilayers, it is often useful to calculate lateral RDF (in 2D) instead of
the spherical RDF (in 3D).

Hydrogen bonds

Hydrogen bond is the electrostatic attraction between a hydrogen atom bound to
an electronegative atom, such as oxygen or nitrogen, and another polar group. Hy-
drogen bonds may occur between molecules (intermolecular) or within molecules
(intramolecular). They are stronger than van der Waals interactions, but weaker
than covalent and ionic bonds. Cholesterol has one OH-group that can form hydro-
gen bonds with phospholipids.

The GROMACS tool gmx-hbond counts the number of hydrogen bonds. A hydrogen
bond is defined by the geometry of the donor-acceptor pair. OH and NH groups are
considered as possible donors, and oxygen and nitrogen atoms are possible acceptors.
In hydrogen bond the distance rHB between the donor and the acceptor should be
less than 0.35 nm. The angle αHB between hydrogen-donor and donor-acceptor lines,
as shown in Figure 3.10, should be less than 30◦.
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Lipid diffusion

Lateral diffusion of lipids is an important property measuring the mobility of lipids
in a bilayer. Diffusion describes the random motion of lipids due to thermal energy.
The diffusion can be characterised with diffusion coefficientD. According to Einstein
relation, the diffusion in two dimensions is

⟨(rN)
2⟩ = 4Dt, (3.61)

where ⟨(rN)
2⟩ is the mean square displacement (MSD) of the particle after N steps

and t is the time spent for N steps [89].

Lipid diffusion can be experimentally measured using, e.g., the fluorescence recovery
after photobleaching (FRAP) method. The GROMACS tool gmx-msd can be used
to calculate MSD as function of diffusion time for any particle in a molecular dy-
namics trajectory. It can also calculate the diffusion coefficient as linear regression
of MSD. The leaflets of a bilayer might move relative to each other, and therefore
it is convenient to measure the MSD of lipids relative to the leaflet of a bilayer that
it is located in. The version of gmx-msd shipped with GROMACS 5.1.2 fails when
options -mol and -rmcomm are used together. The first option allows calculation of
MSD for whole molecules (center of mass) instead of individual atoms. The second
option removes the center of mass motion of the reference group, which in this case
is one of the bilayer leaflets. In this thesis, a patched version of gmx-msd was used.



4. SYSTEMS AND SIMULATIONS

All simulations presented in this thesis were done using the GROMACS molecular
dynamics package. The simulations were run on computing servers of the CSC –
IT Center for Science and Tampere Center for Scientific Computing (TCSC). In
this chapter the model systems and simulations done with them are introduced.
The analysis of simulations and the results are explained in the next chapter. In
Section 4.1, the model membranes are introduced, and it is described how they
were built. In Section 4.2, the simulation protocol and parameters are explained
in detail. To measure the cholesterol insertion free energy, free energy perturbation
(FEP) simulations were done. These simulations are explained in Section 4.3. In
Section 4.4, it is discussed how Hamiltonian replica exchange was used to enhance
sampling of the free energy calculations. The usability of the Intel many integrated
core (MIC) technology was tested by running part of the simulations on Intel Xeon
Phi coprocessors. In Section 4.5, it is shown that the performance of GROMACS
on this kind of hardware is not very good.

4.1 Model Membranes

Five different bilayer systems were built to measure the effect of different lipid types
to the affinity of cholesterol. The control system (pure POPC) had 90% POPC
and 10% cholesterol. In other four systems 30 POPC molecules were replaced by
DPPC (30% DPPC), ceramide (30% CER), palmitoyl sphingomyelin (30% PSM) or
BMP (30% BMP), resulting in 30% concentration. These lipid types are relevant to
endosomal/lysosomal cholesterol trafficking, and the concentrations were set similar
to those used by Abdul-Hammed et al. in an experimental study [1]. We note that
not only the head-groups of these lipids are different, but also the saturation levels
of the hydrocarbon chains. DPPC has both chains as palmitic acid, SM and CER
have one palmitic and one oleic acid chain, while both chains of BMP are oleic acid
(see Section 2.5).

The systems were built using the CHARMM-GUI [53] membrane builder [52, 54].
Enough water to create an about 2.25 nm thick layer on top of the bilayer was
added to the systems. A few water molecules were replaced with Na+ and Cl−

ions to create a biologically relevant 0.15mol/l NaCl solution. Each system was
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(a) pure POPC (b) 30% DPPC (c) 30% PSM

(d) 30% CER (e) 30% BMP

Figure 4.1: Snapshots of studied systems after 500 ns simulation. POPC is shown
as gray and cholesterol as yellow in all simulations. Oxygen atoms are red and hy-
drogen atoms white. Blue, purple, green and orange denote DPPC, PSM, CER and
BMP. The figures were rendered with molecular visualization software VMD [43],
using Tachyon [118] ray tracing engine accelerated by Nvidia OptiX [100].
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first energy minimized and equilibrated using the CHARMM36 force field [59, 128]
with the protocol provided by CHARMM-GUI. The systems were then simulated
with the Slipids force field [49] in the NPT ensemble for 500 ns. The 500 ns NPT
simulation was used for analysis of membrane properties and lipid-lipid interactions.
Snapshots of each simulation are presented in Figure 4.1.

BMP was not available in the CHARMM-GUI membrane builder, but as BMP is
a structural isomer of 1,2-dioleoyl-sn-glycero-3-phosphatidylglycerol (DOPG), the
membrane was initially built with DOPG. DOPG was then mutated to BMP by
manipulating atom positions, and rerunning energy minimisation with BMP force
field parameters. BMP has two chiral carbons, namely the sn-2 carbons of the two
glycerol backbones. An in-house script utilizing MDAnalysis toolkit [83] was used to
ensure that all BMP molecules had the same chiral symmetry. Both chiral centers
were set to the R-configuration. In sn-notation, this means that the phosphate is
bound to sn-3 instead of sn-1, as it is a natural isoform of BMP. This mistake
was noticed after running the simulations, and it most probably does not affect the
results.

4.2 Simulation Parameters

The Slipids force field was used for lipids. The parameter files for POPC, DPPC,
sphingomyelin, and cholesterol were obtained from the Slipids website1 The param-
eters of ceramide are the same as in Reference 90 and BMP was parametrized to
be compatible with Slipids in previous work [31]. The TIP3P model [56] was used
for water. Leapfrog integrator with 2 fs time-step was used. Atom positions and
simulation box size were saved every 100 ps. All bonds were constrained using the
P-LINCS algorithm. Separate Nosé-Hoover thermostats with τT = 0.5ps were used
for lipids and solvent to keep the temperature at 310K. The Parrinello-Rahman
barostat with τP = 10ps was used to keep the pressure at 1 bar.

For Coulomb interactions, 1 nm cut-off distance was used. Long range Coulomb
interactions were calculated using PME. Van der Waals interactions were calculated
with 1 nm cut-off distance. Long range dispersion corrections were used for energy
and pressure. Verlet scheme with buffer tolerance 0.005 kJ/mol/ps was used for
neighbor list generation. Neighbor search was done using the cell index method.
Neighbor list was updated every 10 steps or less frequently. Periodic boundary
conditions were used in all directions.

1http://www.fos.su.se/~sasha/SLipids/Downloads.html

http://www.fos.su.se/~sasha/SLipids/Downloads.html
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4.3 FEP-Simulations

The relative affinity of cholesterol to different bilayers was studied by measuring
the free energy of removal of one cholesterol molecule from a bilayer. Free energy
perturbation method was used. All interactions between one cholesterol molecule
and its environment were gradually turned off in 16 intermediate states by coupling
the potential energy function to a coupling parameter λFEP. Also the intra-molecular
van der Waals and Coulomb interactions of the chosen cholesterol molecule were
turned off. In the first state, the coupling parameter was λFEP = 1, i.e. the chosen
cholesterol molecule was fully coupled to the environment. Through the set of states
the coupling parameter λFEP decreases, and in the last state, the coupling parameter
was λFEP = 0. In this application, we also decoupled intramolecular non-bonded
interactions. This is useful for enhancing sampling of the fully decoupled state
especially in flexible molecules. The final state in this case no more corresponds
to a ”vacuum“ state and is unphysical. However, this is inconsequential to the
relative free energy estimate since it serves as a reference state and is kept the same
across systems. By trial and error, the value λFEP was manually adjusted for each
intermediate state, so that the average potential energy difference between adjacent
states was approximately equal.

Each state was sampled in a separate simulation, with a slightly different poten-
tial energy function. The starting structures for FEP simulations were created by
extracting a random configuration from the trajectory of equilibrated NPT simula-
tion. The steepest descent algorithm was used for energy minimization of the initial
structures. Each state was simulated for 100 ns. Every 200 fs the energy function
was evaluated also for the energy function of neighboring states, and the energy
difference was saved to be used for estimation of free energy difference. To ensure
that the decoupled cholesterol stays at correct temperature, stochastic dynamics
leap-frog integrator was used for temperature coupling. Friction constant was set
to 0.5 ps−1, as this is an appropriate value according to the GROMACS manual [3].
Otherwise, the simulation parameters of FEP simulations were similar to those in
the NPT simulations. To ensure the quality and the reproducibility of results, FEP
simulations were repeated twice for each system using different initial configura-
tions. For 30% DPPC system the FEP simulations were repeated four times to
further improve the precision of the free energy estimate. The results of all repeats
were combined before using the Bennett acceptance ratio to evaluate the final result,
i.e. in total 200-400 ns of simulation was used per system.

As the cholesterol is decoupled from the environment, it might drift away from the
membrane as nothing holds it there. To reliably measure the free energy of choles-
terol removal from a membrane, only microstates where cholesterol stays in the
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Figure 4.2: The value of interaction coupling parameter λFEP was manually ad-
justed for each state to produce even potential energy difference between adjacent
states. The restraint potential coupling parameter λRES was simply linearly in-
creased between the states.

membrane should be sampled. To prevent the decoupled cholesterol from escaping
from the membrane, two atoms (C3 and C17 in Figure 2.4) were restrained to a
constant distance from bilayer center using harmonic potentials along membrane
normal (z-axis of the simulation box). Restraining the distance of two atoms on
the rigid ring of cholesterol maintains not only the position, but also the orientation
of the molecule during decoupling, i.e., prevents it from flipping and diffusing out
of the volume slab containing the membrane. Since the atoms are chosen on the
rigid portion of the molecule, the restraint does not introduce any bias on the con-
formation. The restraint forces were coupled to another coupling parameter λRES,
which was linearly increased from 0 to 100 kJ/(mol·nm2) while going towards the
decoupled state. Coupling parameters λFEP and λRES are plotted in Figure 4.2. The
distances of C3 and C17 atoms were restrained to 1.35 nm and 0.58 nm from the
center of mass of the membrane along z-axis, respectively. The average distance of
cholesterol is not exactly the same in all studied bilayers (see Table 5.1), but as the
reference values for the restraint do not affect the free energy estimate as long as
the force constant in the decoupled state is the same, this will not cause any bias
in total free energy calculation. Besides, keeping these values the same ensures that
there is no difference in the decoupled state among systems due to conformational
bias. Restraint potentials weaker than 100 kJ/(mol·nm2) were also tested, but it
caused cholesterol to slip to the other leaflet of a bilayer. In GROMACS there are
many different options to restrain molecules. Another option that was considered,
was to use simple “position restraints” to keep the coupled cholesterol at the initial
coordinates it had in the beginning of the simulation. However, it would not be
reasonable because the distance of cholesterol molecules might vary a lot during
the simulation. Therefore, the cholesterol would be restrained much deeper in the
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Figure 4.3: Replica exchanges of one of the FEP simulations. In upper figure the
replica exchanges during the first 200 ps of simulation are shown. The replica starts
from state 1 and it is sampled in 6 different states. In the lower figure the first
20 ns of the 100 ns simulation are shown (only every 100th data point is shown). The
replica has already been sampled in all of the 16 states.

membrane in some simulations compared to others.

In summary, the positional and orientational restraining scheme described above
provides a practical way to improve the phase space overlap between the lambda
states, the Hamiltonian replica exchange efficiency, and therefore, the convergence
of the free energy estimates without introducing artificial biases on the fully coupled
state.

4.4 Replica Exchange

To improve sampling of FEP simulations, Hamiltonian replica exchange was used.
The λFEP values were adjusted to achieve equal average exchange probability be-
tween neighboring replicas. This also ensured that the free energy difference between
neighboring λ states were the same. For all systems the average exchange probability
between two neighboring states was about 20%.
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All the 16 simulations were run in parallel, and exchange of configurations between
two adjacent λ states was attempted once per ps. With 20% exchange probability,
this would produce an exchange rate of 0.2 exchanges per ps on average. In Fig-
ure 4.3 it is shown how the configuration of a simulation originally started at state
1 (fully coupled state, λFEP=1) travels through all the states. During the 100 ns
each simulation is sampled by about an equal amount in all of the states. The local
concentration of lipids might vary in the simulated membranes, and using replica
exchange ensures that different lipid configurations around the cholesterol are sam-
pled. If replica exchange were not used, the simulation would sample cholesterol in
only one configuration. The configuration would of course change during the simu-
lation because of lipid diffusion, but because this change is very slow, a lot longer
simulations would be needed to produce same accuracy as by using replica exchange.

4.5 Performance of Xeon Phi coprocessor

Xeon Phi is a massively-parallel multicore coprocessor developed by Intel for needs
of high-performance computing. It is based on Intel’s Many integrated core (MIC)
architecture. Xeon Phi is supported by the most recent versions of GROMACS [2],
but there is not much information available about the performance of the simula-
tions. Especially, the performance of multiple parallel simulations is not known.
There were some computing nodes equipped with this promising new technology
on CSC computing servers, and therefore the MIC-nodes of CSC were tested by
running part of the FEP simulations on them. The CSC MIC-nodes were composed
of two ordinary Intel Xeon Ivy Bridge 6-core CPUs (E5-2620v2, 2.1 GHz) as host
CPUs and two Intel Xeon Phi Knights Corner 61-core coprocessor (7120X, 1.238
GHz). One of the cores of Xeon Phi is dedicated for embedded Linux-based operat-
ing system, so in practise 60 cores can be used for calculations. Each core is capable
of four-way multithreading.

The host processors and coprocessors were both used for simulations. MPI was used
to share the workload. The PME calculations were assigned to MPI-tasks done on
host CPUs, as the MIC-card should be most beneficial for particle-particle force
calculations. The MIC-cards were most efficient when 20 MPI tasks were used per
MIC-card, which means 12 threads per MPI task. 1 MPI task with 6 threads was
used per host CPU. The simulations did not scale well for a high number of nodes,
so only 8 nodes were used for 16 parallel simulations. The speed of 16 parallel
simulations on MIC using 8 nodes was 11.9 ± 0.3 ns/day. As a comparison, using
the same number of CPU cores on Sisu supercomputer (4 nodes, 96 CPU cores), the
simulation speed was 16.9± 0.7 ns/day. On Sisu, the simulation also scales well up
to 16 nodes. However, the CPUs of Sisu are newer and faster than the host CPUs of
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MIC-nodes, so the numbers are not directly comparable. A computing node of Sisu
supercomputer has two 12-core Intel Xeon Haswell 12-core (E5-2690v3, 2.6 GHz).

So, GROMACS works on MIC-cards, but the performance is not better compared
to normal modern CPU computing nodes. The simulation does not scale well for
many computing nodes, but multiple small simulations can be conducted using, for
example, one node per simulation. Therefore, the MIC-cards could be useful, for
example, for free energy calculations. Better performance might be achieved by
offloading only the non-bonded interactions to MIC, and using the host CPU for
other tasks [131]. This might be implemented in the future versions of GROMACS.
In some other molecular dynamics software packages, an offload-mode has already
been implemented. In AMBER, part of the PME direct summation and neighbor
list build is offloaded to the coprocessor [88].



5. RESULTS

In this Chapter, it is briefly described how each result has been produced, and which
methods and parameters were used. The theoretical aspects of methods were de-
scribed in Chapter 3. To measure the relative affinity of cholesterol to different lipid
bilayers, the free energy difference for removal of a cholesterol molecule from a lipid
bilayer was measured using free energy perturbation. As is shown in Section 5.1,
cholesterol has the lowest affinity to bilayers rich in BMP and highest affinity to
bilayers rich in sphingomyelin. To investigate the reason for the affinity difference,
various properties of bilayers were measured. These properties are discussed in
Section 5.2. The effect of the studied lipid types on membrane properties do not
alone explain why cholesterol has a higher affinity to certain bilayers, so also the
specific interactions of lipids with cholesterol are analyzed. In Section 5.3, interac-
tions responsible for cholesterol affinity to sphingomyelin membranes are discussed.
The 500 ns NPT simulation trajectories (see Chapter 4) were used for analysis of
membrane properties and lipid-lipid interactions.

5.1 Relative Affinity of Cholesterol

The free energy of removing a cholesterol molecule from a bilayer was measured
using free energy perturbation. 16 λ states were used in which a single cholesterol
molecule was removed from the membrane. That is, cholesterol is fully coupled
in state 1 (λFEP = 1) and decoupled in state 16 (λFEP = 0). For each of the
16 λ states, 2-4 independent 100 ns long simulations were performed. Additional
positional and orientational restraints on cholesterol as described in Section 4.3
were used to improve convergence of the simulations. The neighboring windows were
coupled using Hamiltonian replica exchange. Once per ps the potential energy was
evaluated for the energy function of two neighboring states. Using the saved energy
differences, the free energy difference between intermediate states was estimated
with the Bennett acceptance ratio method. GROMACS tool gmx-bar was used.
The error of each free energy difference was estimated as standard error of block
average. 6 to 10 blocks were used. The free energy differences between neighboring
states were summed to produce the total free energy difference of cholesterol removal.

The cumulative sum of free energy differences estimated using the Bennett accep-
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Figure 5.1: Cumulative sum of free energy differences between the λ states. ∆G is
set to zero at state 16. The curve of 30% ceramide (CER) clearly deviates from other
systems at states 9–15, because the restraint force pulls the decoupled cholesterol
from its equilibrium position. The difference of ∆G between systems (∆∆G) at the
fully coupled state (λ state 1) is more clearly seen in Figure 5.2.

tance ratio are shown in Figure 5.1. The energy is set to zero in state 16, where the
studied cholesterol molecule is fully decoupled, but the harmonic restraint potentials
preventing cholesterol from escaping the bilayer are on. The free energy decreases
steeply while going from the fully coupled state towards the decoupled states. At
seventh state the free energy starts to increase again because of the restraint forces.
The difference of free energy curves is seen more clearly in Figure 5.2, which shows
the difference of free energy differences compared to a pure POPC system.

The free energy difference of transferring cholesterol from a bilayer to another can be
obtained using the thermodynamic cycle presented in Figure 3.7. Figure 5.2 shows
the free energy of transferring cholesterol from a pure POPC bilayer to other studied
bilayers. The free energy change of transferring cholesterol to 30% DPPC is negative,
so cholesterol prefers bilayers with saturated lipids. In practise, the only difference
between pure POPC and 30% DPPC is that lipid hydrocarbon chains in 30% DPPC
are more ordered, so cholesterol has a higher affinity to ordered bilayers. Also
ceramide (CER) and sphingomyelin (PSM) have only saturated chains and probably
therefore they increase the affinity of cholesterol. Ceramide, however, increases the
affinity of cholesterol just a little. Sphingomyelin increases the affinity of cholesterol
even more than DPPC. BMP decreases the relative affinity of cholesterol. BMP has
two unsaturated chains, and, therefore, it increases the disorder of a membrane.

These findings suggest that cholesterol has a different affinity for membranes in a
composition dependent manner and this effect likely contributes to the directionality
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Figure 5.2: Free energy change of transferring a cholesterol molecule from a pure
POPC bilayer. ∆∆G for 30% DPPC, 30% CER and 30% PSM membranes is nega-
tive, so cholesterol has a higher affinity to these bilayers with respect to pure a POPC
membrane. For 30% BMP, the ∆∆G is positive, so cholesterol has the lowest affinity
to 30% BMP membrane. The red error bars denote the error of ∆G of a pure POPC
system and the other error bars are the errors from each FEP-calculation.

and rate of cholesterol transport in the lysosomes/endosomes.

Abdul-Hammed et al. studied the effect of lysosomal lipids on intermembrane choles-
terol transport rate [1]. Sphingomyelin has a negative effect, BMP has a positive
effect, and ceramide has a very small positive effect on NPC2-mediated cholesterol
transport rate [1]. PSM and BMP might affect the cholesterol transport rate by
modulating the affinity of cholesterol for bilayers. Cholesterol is more easily re-
moved from bilayers that contain lots of BMP, because the free energy penalty of
cholesterol removal is smaller. Analogously, it is more difficult to remove cholesterol
from bilayers that contain sphingomyelin, because the free energy barrier is higher.
Also the effect of lipids on spontaneous cholesterol transfer between liposomes has
been measured [1]. Sphingomyelin strongly inhibits also spontaneous cholesterol
transfer, but BMP has only a small effect [1]. Therefore, the modulation of affinity
is not the only way BMP affects NPC2-mediated cholesterol transport. It is sug-
gested that BMP would interact directly with NPC2 and this interaction has an
important role in cholesterol clearance from late endosomes and lysosomes [53]. Ce-
ramide was reported to enhance spontaneous cholesterol transfer [1]. This can not
be explained by effect of ceramide on cholesterol affinity, as according to free energy
calculations ceramide increases the cholesterol affinity. However, ceramide is known
to displace cholesterol from ordered domains [6, 8, 81, 117], so it could be tested if
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ceramide would decrease the affinity of cholesterol for more ordered bilayers.

It should be noted that the measured ∆∆G values are small, smaller than 1 kBT .
The free energy of pulling cholesterol from a POPC bilayer to water is about 20
kBT [138]. It is not known what would be the ∆G for transferring cholesterol from
a bilayer to the binding pocket of NPC2, but it most probably is less than 20 kBT ,
because in the binding pocket cholesterol would be shielded from contacts with
water. Therefore, the difference of 1 kBT between different lipid compositions might
actually be significant.

5.2 Membrane Properties

Membrane thickness and area per lipid

The area per lipid and membrane thickness of the studied bilayers are shown in
Table 5.1. In a system with 30% ceramide the area per lipid and membrane thickness
are very different compared to other systems. Ceramide is a lipid with a very small
head-group, which helps the membrane to pack more tightly, and decrease the area
of a membrane. Ceramide also increases the thickness of the membrane. Also,
the average distances of C3 and C17 atoms of cholesterol from the bilayer center
are shown in Table 5.1. Because ceramide increases membrane thickness, also the
average distance of cholesterol molecules from the bilayer center is increased. This
effect can also be seen in Figure 5.3, which shows the density profile of cholesterol
atoms through the bilayer. Compared to the pure POPC system, BMP slightly

Table 5.1: Membrane properties. Ceramide and sphingomyelin membranes have a
smalled area per lipid than in a pure POPC membrane. DPPC slightly decreases
and BMP slightly increases the area per lipid. Membrane thickness is defined by
the average distance of POPC phosphate group from the bilayer center. Ceramide
dramatically increases the membrane thickness. Atoms C3 and C17 are the choles-
terol ring carbons where hydroxyl group and hydrocarbon chains are attached (see
Figure 2.4). Because of the increased membrane thickness, the distance of C3 and
C17 from the bilayer center is larger in the CER system compared to other systems.

System Area per
lipid [nm2]

Membrane
thickness [nm]

C3 distance
[nm]

C17 distance
[nm]

pure POPC 0.60± 0.01 3.85± 0.01 1.31± 0.01 0.56± 0.01

30% DPPC 0.58± 0.01 3.90± 0.01 1.35± 0.01 0.59± 0.01

30% CER 0.51± 0.01 4.23± 0.02 1.49± 0.03 0.69± 0.02

30% PSM 0.56± 0.01 3.89± 0.03 1.36± 0.02 0.59± 0.02

30% BMP 0.62± 0.01 3.81± 0.01 1.28± 0.02 0.54± 0.01
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Figure 5.3: Number density of two different cholesterol atoms. C3 is the carbon
atom where the hydroxyl group is attached, and C17 is the carbon atom where the
hydrocarbon chain is attached (see Figure 2.4). The plots are symmetrized around
the membrane center (z = 0). The cholesterol is a bit further away from the bilayer
center in 30% CER system, because the thickness of the membrane is higher.

decreases the thickness of the bilayer and increases the area per lipid, as can be seen
in Table 5.1. This is probably because both chains of BMP are unsaturated, whereas
POPC has one saturated and one unsaturated chain. Analogously, the membrane
thickness is higher and area per lipid is smaller in systems with DPPC and PSM,
which have two saturated chains.

Cholesterol flip-flops

Cholesterol flip-flops between leaflets are potentially important for cholesterol trans-
port. In some simulations, a few cholesterol flip-flops were observed. During the
500 ns simulation a cholesterol moved from one bilayer leaflet to other two times
in the 30% BMP system. In the pure POPC system only one cholesterol travelled
between leaflets, and in other systems no flip-flops were observed. At time-scales of
atomistic molecular dynamics simulations, it is unusual for cholesterol to pass the
hydrophobic core of the bilayer, because the OH-group of cholesterol is hydrophilic.

Although the simulation times and the rareness of the flip-flops prevent us from
making conclusive statements, the observations suggest that BMP can hypotheti-
cally decrease the barrier for cholesterol flip-flops. This hypothesis could be verified
by using, for example, umbrella sampling free energy calculations. The inner mem-
branes of endosomes/lysosomes are extremely dynamic and receive a high cholesterol
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Figure 5.4: Lipid hydrocarbon chain deuterium order parameters. DPPC, sph-
ingomyelin, and especially ceramide increase the order of a bilayer. BMP is less
ordered than POPC, but it has a very small effect on POPC hydrocarbon chain
order. The error estimate is less than 0.005 for each data point.

traffic. Increased cholesterol flip-flop rate allows equilibration of cholesterol concen-
tration between the leaflets of the inner membranes of lysosomes/endosomes.

Lipid hydrocarbon chain order

The lipid deuterium order parameters calculated using the GROMACS tool gmx-
order are shown in Figure 5.4. Ceramide is the most ordered lipid and it increases
the order of POPC in a membrane. DPPC and PSM increase the order of both
POPC hydrocarbon chains slightly, while BMP slightly decreases it. The palmitoyl
chain of PSM is more ordered than palmitoyl chains of DPPC, as expected. The
order parameters of BMP oleyl chains are similar to POPC oleyl chains, expect for
a few carbons near the head-group.

Highly ordered chains allow tighter packing of lipids, and therefore, the order pa-
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rameters explain the area per lipid and membrane thickness differences between the
systems. Although ceramide increases chain order of the membrane most, it had
only a small effect on cholesterol affinity, as was seen in Figure 5.2. Therefore,
the lipid hydrocarbon chain order is not the only variable that affects affinity of
cholesterol.

Solvent accessible area of lipids

One of the many ways different lipids can contribute to cholesterol affinity to the
membrane is by shielding this hydrophobic molecule from water. To investigate the
effect of each lipid on cholesterol exposure to water, the solvent accessible surface
area (SASA) of cholesterol in each system was measured. The SASA of lipids was
calculated using GROMACS tool gmx-sasa with 0.14 nm probe radius, which is
about the radius of a water molecule. The results are shown in Table 5.2. In 30%
DPPC system, both DPPC and POPC have slightly smaller SASA per lipid than
POPC in the pure POPC system. This is probably the effect of tighter packing of
lipids. Ceramide increases SASA of POPC, because it has just a small head-group,
and therefore, there is more space for solvent in the head-group region. The SASA of
cholesterol, however, is not increased. Actually the cholesterol SASA is smallest in
the system with ceramide. Sphingomyelin decreases the cholesterol SASA compared
to the pure POPC system, which suggests that it might shield cholesterol from
water, and therefore, increase cholesterol affinity. However, the difference compared
to the DPPC system is not significant. Therefore, the head-group of sphingomyelin

Table 5.2: Solvent accessible surface area (SASA) per molecule. The error was
estimated using block averaging over the trajectory. Ceramide and BMP have small
head-groups, and therefore, they have small SASA. They increase the SASA of
POPC, because they leave more “empty” space in the head-group region. The SASA
of cholesterol is highest in the pure POPC system. In more ordered bilayers, the
SASA of cholesterol is decreased, probably because of tighter packing of lipids. Also
BMP decreases the SASA of cholesterol, even though it does not increase the lipid
hydrocarbon chain order in membrane.

System POPC [nm2] DPPC/CER/
PSM/BMP [nm2] CHOL [nm2]

pure POPC 1.76± 0.01 0.129± 0.003

30% DPPC 1.68± 0.01 1.71± 0.01 0.116± 0.004

30% CER 1.87± 0.01 0.469± 0.009 0.103± 0.006

30% PSM 1.55± 0.02 1.79± 0.02 0.111± 0.003

30% BMP 1.83± 0.01 1.11± 0.01 0.118± 0.004
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Figure 5.5: Lateral mean square displacement of POPC molecules in different
systems. In short time periods (less than 10 ns) lipids move rapidly due to confor-
mational changes of hydrocarbon chains, which is seen as a steeper slope in the plot.
For longer time periods the MSD is linear. Time periods between 10 ns and 20 ns
were used to fit the diffusion coefficient.

does not appear to shield cholesterol from water more than the phosphatidylcholine
head-group. BMP has surprisingly small SASA per molecule, taking into account
that the area per lipid was highest in the 30% BMP system. BMP has just a small
head-group, and therefore its SASA is small. BMP decreases also the SASA of
cholesterol.

Lateral diffusion of lipids

As has been shown, the affinity of cholesterol to membranes depends on the lipid
composition of the membrane. It is also known that lipid composition varies between
different microdomains in late endosomes [116]. Therefore, the ability of cholesterol
to laterally move between different domains in the membrane might affect cholesterol
transport rates between membranes. The lateral mean square displacement (MSD)
of lipids was calculated using the patched version of the GROMACS tool gmx-
msd. In Figure 5.5 the MSD of POPC is shown. For short time periods, the MSD
increases more steeply due to fast movements of hydrocarbon chains, as is explained
in previous molecular dynamics studies [134]. For longer time periods, the diffusion
rate is constant. Sphingomyelin and ceramide clearly decrease the diffusion rate of
POPC.

The diffusion coefficient of lipids was determined by linear regression of MSD. The
Equation 3.61 was fitted to MSD of time periods between 10 ns and 20 ns. For longer
time periods the MSD can not be measured accurately, due to lack of sampling. The
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Table 5.3: Diffusion coefficients of lipids [10−3 nm2

ns ]. The diffusion coefficient of
each molecule was calculated by fitting a straight line to its MSD. The values
shown are average and standard error for each molecule type. DPPC and BMP
do not significantly affect the diffusion coefficient of lipids in the membrane, but
ceramide and sphingomyelin decrease the diffusion of all lipids.

System POPC DPPC/CER/
PSM/BMP CHOL

pure POPC 5.4± 0.3 9.7± 1.5

30% DPPC 5.2± 0.3 5.1± 0.4 6.6± 0.8

30% CER 3.6± 0.2 3.7± 0.3 5.3± 0.5

30% PSM 4.3± 0.3 4.0± 0.3 6.8± 0.7

30% BMP 5.6± 0.3 5.4± 0.4 11.6± 1.9

diffusion coefficient of all lipids is shown in Table 5.3. DPPC and BMP do not have
a significant effect on diffusion, but CER and PSM clearly decrease the diffusion
coefficient of all lipids in the membrane. The diffusion coefficient of cholesterol is
a bit higher compared to other lipids. The diffusion of cholesterol is faster in less
ordered systems like pure POPC and 30% BMP.

5.3 Lipid-Lipid Interactions

The radial distribution of lipids around cholesterol was calculated using the GRO-
MACS tool gmx-rdf. To increase the number of samples also the FEP simulation
with the fully coupled state (λFEP = 1) was used for calculations. The FEP simula-
tion was split to 10× 10 ns blocks and the normal 500 ns NPT simulation was split

Table 5.4: Average number of hydrogen bonds between cholesterol and other lipids
per molecule. The error estimate is the standard error from block averaging. Ce-
ramide clearly increases hydrogen bonds between POPC and cholesterol, probably
due to increased lipid packing. In 30% CER the total number of hydrogen bonds is
highest. Also sphingomyelin and BMP clearly form more hydrogen bonds compared
to POPC/DPPC bilayers.

System POPC
[10−2]

DPPC/CER/
PSM/BMP [10−2]

Total
[10−2]

pure POPC 3.7± 0.2 3.7± 0.2

30% DPPC 3.7± 0.3 3.5± 0.9 3.6± 0.5

30% CER 4.5± 0.2 8.7± 1.0 5.9± 0.5

30% PSM 3.6± 0.4 5.1± 0.7 4.1± 0.5

30% BMP 3.8± 0.3 9.0± 0.8 5.5± 0.4
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Figure 5.6: 2D radial distribution function of lipids around cholesterol. The error
estimate presented as shaded bands is the standard error of blocks used for calcula-
tion. In 30% PSM system sphingomyelin is accumulated close to cholesterol. This
can be seen as a clear peak at small r. Sphingomyelin prevents POPC to get close
to cholesterol, as can be seen from the RDF of POPC. In other systems, lipids are
evenly distributed in the membrane, so their RDF goes to 1.

to 10× 50 ns blocks. These blocks were assumed to be uncorrelated. Radial distri-
butions of both leaflets and each block were then averaged. The average RDF of
POPC and other lipids are shown in Figures 5.6a and 5.6b. The distribution of sphin-
gomyelin peaks close to cholesterol, i.e. it tends to stay close to cholesterol molecules.
This implies some kind of interaction between cholesterol and sphingomyelin. The
RDF of POPC in the 30% PSM system in turn shows that POPC stays further
from cholesterol compared to other systems, because cholesterol molecules are sur-
rounded by sphingomyelin. The radial distribution functions of systems 30% DPPC,
30% CER, 30% BMP are similar to the RDF of the pure POPC system, so DPPC,
ceramide, and BMP do not have a specific structure around cholesterol.

The average number of hydrogen bonds each lipid forms with cholesterol is shown
in Table 5.4. The number of hydrogen bonds between cholesterol and POPC is
similar in all systems except for 30% CER. Ceramide increases the packing of a
bilayer, and therefore POPC can form more hydrogen bonds. DPPC and POPC
form an equal number of hydrogen bonds with cholesterol. Sphingomyelin forms
slightly more hydrogen bonds than POPC/DPPC, and surprisingly ceramide and
BMP form a lot more hydrogen bonds than POPC, DPPC, and sphingomyelin. This
suggests that the number of hydrogen bonds is not the reason for the high affinity
of cholesterol to sphingomyelin. However, the head-group of sphingomyelin might
have polar interactions with cholesterol, that do not satisfy the criterion of hydrogen
bond.
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Cholesterol insertion free energy into five different membranes was estimated us-
ing atomistic molecular dynamics simulations. The membranes were composed of
POPC, cholesterol, and either DPPC, BMP, sphingomyelin, or ceramide. Also, the
effect of these lipids to bilayer properties was measured. The free energy perturba-
tion calculations revealed that cholesterol has highest affinity to sphingomyelin-rich
bilayers, and lowest affinity to BMP-rich bilayers. The affinity of cholesterol to
DPPC-rich bilayers or ceramide-rich bilayers was found to be a bit lower compared
to sphingomyelin-rich bilayers, as can be seen in Figure 5.2.

These findings are in line with experimental results reported by Abdul-Hammed
et al. [1]. According to their experiments, BMP enhances and sphingomyelin in-
hibits the NPC2-mediated cholesterol transport. Ceramide has no effect on NPC2-
mediated cholesterol transport, except in the presence of BMP [1]. The results pre-
sented in this thesis suggest that the effect of these lipids on cholesterol transport
is partly due to them conferring different cholesterol affinity for the membranes.
Cholesterol has higher affinity for ordered membranes, and also, the specific in-
teractions, e.g. hydrogen bonding, between cholesterol and certain lipids stabilize
cholesterol.

Cholesterol has higher affinity for sphingomyelin-rich membranes, because they are
more ordered. But the hydrocarbon chain ordering alone cannot explain why sphin-
gomyelin inhibits cholesterol transport. The RDF of sphingomyelin around choles-
terol reveals that sphingomyelin must have some specific interactions with choles-
terol. It is unclear what these interactions are. Hydrogen bonding has been sug-
gested [75, 108], but the results presented in this thesis do not support this. It
has also been suggested that sphingomyelin head-group shields cholesterol from wa-
ter [4, 75]. However, sphingomyelin does not decrease the solvent accessible area of
cholesterol more than, for example, DPPC. More comprehensive studies about the
interactions between cholesterol and other lipids are needed to fully understand the
results presented in this thesis.

Ceramide greatly increases the order of membranes, but according to free energy cal-
culations cholesterol does not have particularly high affinity to ceramide-rich mem-
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branes. This suggests that ceramide somehow repels cholesterol. This hypothesis is
supported by the fact that ceramide displaces cholesterol from ordered domains of
membrane [6,8,81,117]. Ceramide increases cholesterol transport significantly in the
presence of BMP [1]. This effect can be due to ceramide displacing cholesterol from
ordered domains to less ordered BMP rich domains. However, it is not known why
ceramide displaces cholesterol. Further studies are needed to reveal the mechanisms
of the displacement. Similar free energy calculation as done for cholesterol in this
thesis could be done also for ceramide. Ceramide might have a much higher affin-
ity to sphingomyelin-rich bilayers than cholesterol does. Furthermore, it could be
tested if adding ceramide to sphingomyelin-rich bilayers would decrease the affinity
of cholesterol. The cholesterol displacement could also be actually seen in simula-
tion, if the simulated system was big enough. Coarse-grained simulations could be
used to build bilayer systems with ordered sphingomyelin domains and less ordered
domains without sphingomyelin. Adding ceramide to these systems could decrease
the amount of cholesterol in the ordered domains.

The mechanisms by which BMP enhances endosomal cholesterol transport are not
fully understood. The hydrocarbon chains of BMP are usually unsaturated, and
therefore a high concentration of BMP decreases the order of the lipid bilayer. Al-
though decreased order is associated with decreased cholesterol affinity, this effect
cannot alone explain why BMP has so notable effect on cholesterol transport. In
simulations presented in this thesis, multiple cholesterol flip-flops occurred in mem-
branes rich in BMP. This suggests that BMP could increase cholesterol flip-flop
rate. Using for example umbrella sampling, it could measured if BMP decreases
the free energy barrier of cholesterol flip-flop. According to other studies, the head-
group of BMP binds to NPC2, so cholesterol in a BMP-rich membrane is more easily
picked up by NPC2 [31]. However, it is poorly understood how cholesterol is trans-
ferred between NPC2 and a lipid bilayer. This could be studied using for example
minimum free energy path (MFEP) calculations and umbrella sampling. The same
methods could be used to study also the transfer of cholesterol from NPC2 to the
N-terminal domain of NPC1, and maybe even transfer from N-terminal domain to
NPC1 sterol sensing domain.

The key finding of this study was that cholesterol has a higher affinity to bilayers rich
in sphingomyelin, and a lower affinity to bilayers rich in BMP, compared to bilayers
composed of only POPC and cholesterol. Sphingomyelin probably prevents NPC2-
mediated and spontaneous endosomal cholesterol transport because it increases the
affinity of cholesterol to the membrane. BMP stimulates NPC2-mediated cholesterol
transport by interacting with NPC2, but it also decreases the affinity of cholesterol
to the membrane, and therefore increases the rate of cholesterol transport also in
absence of NPC2.
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