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Pääaine: Teknillinen fysiikka
Tarkastaja: Professori Ilpo Vattulainen
Ohjaaja: DI Matti Javanainen
Avainsanat: Apoptoosi, biologinen fysiikka, flip–flop, flippaasi, molekyylidynamiikkasi-
mulaatiot, rodopsiini, scramblaasi, umbrella sampling

Solukalvon lipidien siirtyminen kalvon yhdeltä puolelta toiselle (flip–flop) on solu-
elämän kannalta elintärkeä prosessi. Tämän hitaan prosessin kulkua nopeuttavat
tietyt integraaliset kalvoproteiinit, joita kutsutaan flippaaseiksi ja scramblaaseiksi.
Nämä kalvoproteiinit nähtävästi alentavat solukalvon keskellä olevaa vapaaenergia-
kynnystä sellaiselle tasolle, että fosfolipidien flip–flop-ilmiö tapahtuu huomattavasti
nopeammin joko ulkoisten energialähteiden kuten ATP:n avulla, tai vaihtoehtoisesti
pelkästään kalvon lämpövärähtelyn vaikutuksesta. Flippaasien olemassaolosta on
tiedetty jo pitkään, mutta niiden nopeuttaman flip–flop-ilmiön tapahtumaketjusta ei
ole vielä selkeyttä eikä kyseisiä proteiineja ole vielä kyetty yksilöimään. Scramblaa-
sien olemassaolosta on käyty kiihkeätä keskustelua, sillä ainoastaan niihin liittyviä
geenisekvenssejä on pystytty tunnistamaan.

Scramblaasiproteiinien toimintamekanismien laajempi ymmärtäminen voisi olla
hyödyllistä monien solutasolla alkavien sairauksien ymmärtämisessä. Esimerkiksi
ohjattu solukuolema ilmeisesti lähtee käyntiin tietyn scramblaasiproteiinin aktivoi-
tuessa, jolloin fosfatidyyliseriini-lipidit siirtyvät nopeasti solun pinnalle. Tämä toi-
mii signaalina solun ulkopuolisille fagosyyteille merkitsemällä solun valmiiksi apop-
toosille. Apoptoottiset solut yhdistetään usein syöpäkasvaimien etenemiseen. On
ehdotettu, että mutaatiot scramblaasigeeneissä voivat edistää syövän leviämistä.
Oikeanlainen scramblaasien aktivoituminen näissä tilanteissa auttaisi häiriintynei-
den syöpäsolujen tuhoamisessa.

Viimeaikaiset kokeelliset tutkimukset ovat osoittaneet, että opsiini, yksi silmän
verkkokalvon valoreseptorisoluissa sijaitseva G-proteiinikytkentäinen reseptori, olisi
eräs flippaasiproteiini. Samat tutkimukset ovat vahvasti näyttäneet, että tunnetuin
opsiiniproteiini, rodopsiini, olisi mahdollisesti eräs scramblaasiproteiini. Tämän tut-
kimuksen tarkoituksena on perehtyä rodopsiinin scramblaasiominaisuuksiin lasken-
nallisten menetelmien kautta käyttäen molekyylidynamiikkasimulaatioita. Saatuja
tutkimustuloksia voidaan käyttää täydentämään kokeellisia tuloksia sekä antamaan
suuntaa jatkotutkimuksille. Fosfolipidien mahdollisia translokaatioreittejä tutkitaan
ohjattujen molekyylidynamiikkasimulaatioiden avulla ja näiden reittien vapaaener-
giaerot lasketaan ns. umbrella sampling –menetelmän avulla. Saadut tulokset osoit-
tavat, että rodopsiini alentaa kalvon vapaaenergiakynnystä merkittävästi toimien
täten flippaasina. Lipidien havaittu translokaatioreitti sijaitsee rodopsiinin pinnan
läheisyydessä.



III

ABSTRACT

TAMPERE UNIVERSITY OF TECHNOLOGY
Master’s Degree Programme in Science and Engineering
NIEMINEN, TUOMO: A study of rhodopsin as a potential phospholipid scram-
blase
Master of Science Thesis, 73 pages
December 2012
Major: Technical Physics
Examiner: Professor Ilpo Vattulainen
Supervisor: M.Sc. Matti Javanainen
Keywords: Apoptosis, biological physics, flip–flop, flippase, molecular dynamics simula-
tions, rhodopsin, scramblase, umbrella sampling

Transbilayer phospholipid transfer (flip–flop) is a vital process for all cellular life.
This intrinsically slow process is facilitated by integral membrane proteins called
flippases and scramblases, which lower the free energy barrier to such a level that
phospholipid flip–flop can rapidly occur either with help of external energy sources
such as ATP or by thermal fluctuations alone. The existence of flippases has been
known for some time, but the identities of the phospholipid translocators are still
unknown. The existence of scramblases is less clear, since only related gene sequences
have been identified so far. Also, the mechanisms by which phospholipids carry out
flip–flops are yet to be identified.

Further knowledge on scramblase activities could be helpful in understanding
and preventing many diseases. For instance, programmed cell death begins when
phosphatidylserine flips in an uncontrollable manner from the cytosolic leaflet to the
extracellular side and this process is assumed to take place due to certain membrane
proteins. This event in turn creates a signal for extracellular phagocytes by marking
the cell for apoptosis. Apoptotic cells are often linked to tumor progression in which
it is suggested that mutations in the scramblase genes can facilitate cancer growth.
Proper scramblase activation during cancer progression could be used to remove
harmful cells.

Recent experimental studies have suggested that opsin, one of the G protein-
coupled receptors found in photoreceptor cells of the retina, is a phospholipid flip-
pase and its counterpart rhodopsin could be a possible scramblase. The purpose of
this thesis is to use atomistic molecular dynamics simulations to examine the phos-
pholipid scrambling properties of rhodopsin. The results can be used as a basis for
further research regarding the subject. The possible flipping routes are investigated
using steered MD simulations, and the free energy differences along the transloca-
tion paths are calculated by the umbrella sampling method. The results show that
rhodopsin significantly lowers the free energy barrier of the membrane, thus func-
tioning as a flippase. The observed flip–flop route taken by the phospholipids is
located near the surface of rhodopsin.
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1. INTRODUCTION

Phospholipid translocation from one membrane leaflet to another (flip–flop) is a

vital process in sustaining cellular life [1]. Even though the phospholipid flip–flop

takes place very slowly in protein-free lipid membranes with the time scale usually

being seconds to minutes, it yet has to occur at a relatively high rate to maintain

such cellular activities as membrane growth, signalling, endocytosis, exocytosis and

programmed cell death [1, 2]. This suggests that passive phospholipid flip–flop in

protein-free environments is complemented by other processes that speed up the

flip–flop process.

The polar headgroups of phospholipids prefer to stay away from the hydrophobic

interior of the membrane, thus having to overcome a free energy barrier in order to

begin the flip–flop process [1]. This barrier, however, is high enough not to be over-

come by thermal fluctuations alone, resulting in a low intrinsic flip–flop rate [2,3]. In

order to lower the free energy barrier for entering the membrane interior, specialized

membrane proteins are embedded in a bilayer [4]. These integral membrane proteins

facilitate phospholipid flip–flop by reducing the height of the free energy barrier to

a level where it can be easily overcome with the help of external energy sources

such as ATP, or even by thermal fluctuations alone [1,3]. A common factor between

these proteins is a transmembrane domain, which interacts with the phospholipid

undergoing flip–flop [1]. The term ’flippase’ is mainly used to refer to unidirec-

tional transbilayer lipid translocator proteins that can be either ATP-dependent or

ATP-independent [1, 5]. It is also used to refer to a bidirectional transbilayer lipid

translocator in the endoplasmic reticulum [5]. The term ’scramblase’ is reserved for

bidirectional ATP-independent transbilayer lipid translocator proteins activated by

an overload of cytosolic calcium [1,5].

Even though the existence of flippases has been known for a while, not much is

known of the flipping process or even the proteins in question. Even the existence

of scramblase proteins has not clearly been proven yet. The flippase proteins have

so far only been identified as members of certain well-known protein families, and of

scramblases, only a few genes are known so far [6]. Of the mechanics of the flipping

process, there have been various predictions [2, 7, 8], but no consensus has so far

been reached on the preferred flipping route.

Recently, the first molecular identification of an ATP-independent phospholipid
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flippase was carried out as an integral membrane protein from the opsin protein

group was identified as one [3]. The results have given reason to believe that another

protein from that group, rhodopsin, could be a phospholipid scramblase [3, 9].

In this thesis, molecular dynamics simulations were conducted to study the pos-

sible scramblase activities of rhodopsin. The use of atomistic molecular dynamics

allows us to create an atomic-scale model of a biological membrane with the desired

phospholipids, proteins and other molecules embedded in it. This model can then

be studied in a desired ensemble at much shorter time scales and better resolution

than would be possible experimentally. With molecular dynamics such statistical

averages of the flip–flop process as the change in free energy along the flipping path

can be calculated with relative ease. Various flipping paths can also be compared

by using steered molecular dynamics to force the phospholipid to follow the desired

route across the membrane. The data obtained from the trajectories allows us to

determine if the routes are even remotely realistic.

However, one should not forget the importance of experimental studies for com-

parison. Both experimental and computational methods have their weaknesses, but

they can be used to complement each other quite effectively. The results obtained

in this thesis are compared with previous experimental data, and many similarities

are found.

This thesis is divided into seven chapters with the main purpose of examining

phospholipid flip–flop facilitated by monomeric rhodopsin, and studying the pos-

sible flipping mechanisms and the free energy differences along the flipping paths.

The flipping mechanisms are studied with the help of steered molecular dynamics

simulations, in which a phospholipid is pulled along a certain path while examining

the pulling force applied to its headgroup. Once a favored flipping route is found,

the free energy difference is calculated by umbrella sampling, which uses biased

molecular dynamics to evaluate the potential of mean force along a reaction path.

The second chapter of this thesis focuses on the biological background behind the

functions of cell membranes and proteins. The phospholipids of our model mem-

branes are introduced together with a discussion their properties. The properties of

cell membranes are discussed along with the cellular components that are relevant

to this thesis. The basics of protein structures are also discussed, and a short review

into membrane proteins is given.

The third chapter concentrates on the lipid flip–flop event by discussing the vari-

ous methods through which lipid flip–flops can occur, and by reviewing the current

knowledge on flippase and scramblase proteins. Rhodopsin, the protein under study,

is also introduced and its molecular structure is discussed thoroughly. The chap-

ter closes with discussion of apoptosis, one of the most important cellular activities

arising from lipid flip–flop.
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The fourth chapter concentrates on the basics of molecular dynamics simulations.

The main focus of the chapter is on the simulation engine GROMACS and the OPLS

force fields that are utilised in this work. The chapter begins with a short overview

of the simulation process and computational methods, moving then into the theory

behind the implemented force fields, temperature and pressure coupling methods

and bond constraints. The basic theory behind umbrella sampling and its analysis

methods are also discussed.

In the fifth chapter, the stages undertaken in our molecular dynamics simulations

are discussed. The model membranes and related simulation parameters are dis-

cussed together with the ideas behind the steered molecular dynamics simulations.

The sixth chapter focuses on the results obtained from the simulations. The

possible rhodopsin-mediated flipping routes are discussed with the obtained free

energy curves supported by calculations and experimental data. A free energy curve

is also obtained for a protein-free bilayer with a similar lipid composition, to provide

a reference for rhodopsin-mediated flip–flop. The stability of the system is analyzed

by examining fluctuations in the protein structure.

Finally, the seventh chapter summarizes the thesis with a short review of the

results and discussion regarding future directions that could be taken with regards

to combining molecular dynamics simulations with experimental research of trans-

bilayer lipid motion.
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2. BIOLOGICAL BACKGROUND

Cells are the basic structural units of all living organisms. Eukaryotic cells found

in plants and animals are much more complex than their prokaryotic counterparts

found in bacteria. They are complex structures surrounded by a plasma membrane

(PM), which separates them from the surrounding environment providing protec-

tion from outside dangers. Plasma membranes are formed of two layers of lipids —

usually comprised of fatty acid chains linked by a headgroup — and proteins embed-

ded in the membrane. These proteins allow certain substances to pass through the

otherwise inpregnable bilayer. Many types of organelles can be found inside the cell,

each with its specific function and most surrounded by a phospholipid bilayer. Most

notable of these bilayers is the endoplasmic reticulum (ER) that encloses a cisternal

space called the lumen. Other cellular organelles include the nucleus, which contains

the genetic information of the cell; the mitochondria, the main sources of ATP; the

Golgi device, which has important functions in the synthesis of new proteins and

lipids; and ribosomes, that use the RNA from the nucleus to synthesize new proteins.

In this chapter the biological background of cell membranes and the molecules

within are discussed. Basic knowledge on the types and functions of phospholipids

and cell membranes is necessary in order to understand the aims of this thesis.

In addition, knowledge of protein structure and the functions of different types of

membrane proteins is helpful in understanding further discussion on flippase pro-

teins, which are the main subject of this thesis.

First, a short overview of the structures and the types of phospholipids of our

model membranes are reviewed. Next, the physical structure and biological functions

of the cell membrane are discussed together with a short review of certain important

cellular components. Basics of protein structures are discussed to help understand

how different proteins are formed. Finally, a short review of membrane proteins and

their functions is given as a prelude for the next chapter.

2.1 Phospholipids in Cell Membranes

Lipids are important molecules in all living systems due to their ability to form

borders around prokaryotic or eukaryotic cells. Their chemical structures may vary

considerably even though they have common features such as insolubility in water

and solubility in nonpolar organic solvents [10]. They consist of fatty acid chains
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(derivatives of hydrocarbon chains), which can either be unsaturated or saturated

depending on whether they contain double bonds or not. These fatty acid chains can

attach themselves to other molecules through esterification or ether bonds in which

a covalent bond between two atoms is formed and water is removed [11]. Glycerol

with its three hydroxyl groups is the most common molecule these hydrocarbon

chains attach themselves to [12].

Phospholipids are lipids that consist of a polar hydrophilic headgroup, a phos-

phate group, a glycerol backbone and two hydrocarbon tails. The type of the phos-

pholipid is defined by the types of the headgroup and the hydrocarbon tails. Phos-

pholipids are amphipathic molecules meaning that their polar headgroups can form

bonds with water molecules while the hydrophobic tails try to avoid water. There-

fore phospholipids have a tendency to naturally form, for instance, micelles or lipid

bilayers in aqueous solutions, in which the hydrophilic heads prefer to stay in contact

with water while the hydrophobic tails stay away from it [13].

Phospholipids are mainly synthesized in the endoplasmic reticulum (ER) of the

cell. The newly synthesized phospholipids must be transported from the biogenic

membrane to various organellar membranes such as the Golgi device or the plasma

membrane [14]. Their intermembrane transport through the aqueous part of the

cell is made possible by vesicles that enclose the hydrophobic tails [7]. The parts

of the ER membrane that bud off as vesicles fuse with the target membrane once

they have reached their destination [7]. The area of the target membrane and the

volume of the enclosed organelle is subsequently increased [7]. The cytosolic side of

the transported part of the ER membrane remains on the cytosolic side of the target

membrane [14].

Three types of membrane lipids were used in our model membranes: POPC, SSM

and cholesterol. POPC, or 1-palmitoyl-2-oleoylphosphatidylcholine, consists of one

palmitic acid chain and one oleic acid chain joined together by a glycerol backbone,

which in turn is connected to a positively charged phosphatidylcholine (PC) head-

group [1]. The palmitic tail is saturated and the oleic tail unsaturated due to a

cis-double bond in it, creating a kink in the structure of the tail. Phosphatidyl-

cholines are major components of biological membranes found in every cell of the

human body [1]. The chemical structure of POPC is presented in Fig. 2.1.

Sphingolipids are derivatives of sphingosine, an amino alcohol with a long hydro-

carbon tail, containing an additional fatty acid chain attached to the sphingosine

amino group [11]. Sphingomyelin (SM) is a phospholipid which consists of two hy-

drocarbon tails bound to a polar phosphocholine headgroup containing serine [14].

If the second fatty acid chain is stearic acid, then the newly formed phospholipid

is called stearoylsphingomyelin (SSM). Sphingomyelins are constructed in the Golgi

device from a ceramide backbone that is synthesized in the ER [14]. A high con-
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Figure 2.1: The chemical structures of POPC and SSM. Blue color represents the choline
headgroup, red the phosphate group, green the glycerol backbone of POPC, cyan the
sphingosine part of SSM and black the hydrocarbon tails.

centration of sphingomyelin in a membrane is thought to have a stabilizing effect

on the membrane structure due to the extensive hydrogen bonding caused by the

free hydroxyl group in sphingosine [11,15]. When located on the surface of a plasma

membrane, sphingolipids act as recognition sites for nearby cells, which is useful for

various purposes including programmed cell death [12, 16]. The chemical structure

of SSM is presented in Fig. 2.1.

Cholesterol is an amphipathic molecule with a characteric structure consisting

of a polar hydroxyl group and a rigid nonpolar sterole group of four carbon rings

[10]. It is an important membrane lipid being abundant in the plasma membranes

of eukaryotic cells [1]. A stable bilayer structure can not be formed with only

cholesterol, though, since the sterol group makes it too hydrophobic and it can thus
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Figure 2.2: Cholesterol consists of a polar headgroup connected to a rigid steroid ring
structure on the opposite side of which is a short nonpolar hydrocarbon tail.

only be found in bilayers mixed with phospholipids [11]. Cholesterol has a stiffening

effect on the bilayer structure as it increases the ordering of both the saturated

and monounsaturated chains of phospholipid tails [17]. The stiffening increases

steeply until the bilayer contains about 30 mol-% cholesterol in its composition after

which the bilayer can be considered to be in a gel-like state [17]. Cholesterol and

sphingomyelin are usually found together in plasma membranes and their effects on

each other have been studied for instance in Ref. [18]. The chemical structure of

cholesterol is presented in Fig. 2.2.

2.2 Properties of Cell Membranes

Cell membranes such as plasma membranes or endoplasmic reticula are formed out of

two leaflets of phospholipids with proteins embedded in them. They are surrounded

by water on both sides and therefore the phospholipids are naturally arranged in such

a way that their hydrophobic tails face each other in the interior of the membrane

while their hydrophilic heads are located on the outer sides of the leaflets, exposed

to water [19]. This sort of behavior results in a bilayer structure. Typical lengths of

the hydrocarbon tails of phospholipids are usually between 10 and 20 carbon atoms

meaning that most lipid bilayers are 3 to 6 nanometres thick [19]. The lipid bilayer

can be either symmetric or asymmetric in lipid composition depending on the lipid

distribution, which is affected by certain membrane proteins.

The hydrocarbon tails of phospholipids spontaneously aggregate to an energet-

ically favored structure forming a hydrophobic core at the interior of the bilayer

through which no hydrophilic solutes can easily diffuse. This impermeable barrier

therefore prevents most spontaneous movement of molecules through the bilayer.

The proteins embedded in the membrane, however, lower this barrier allowing nec-

essary transportation of molecules between the lumen and the cytosol, or the cytosol

and the extracellular region [12]. As both intracellular and intercellular movement

of molecules and ions is vital to cell life, these transporter proteins are of utmost

importance.

The membranes of animal cells contain five major types of phospholipids, which
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Figure 2.3: A schematic drawing of a cell membrane. On both sides of the membrane is
a large amount of water, which has been omitted from the picture. Figure modified from
Ref. [22].

are phosphatidylcholine (PC), phosphatidyethanolamine (PE), phosphatidylserine

(PS), sphingomyelin (SM) and cholesterol [14]. In plasma membranes PC and SM

can mainly be found in the outer leaflet while PE and PS are usually located in

the cytoplasmic leaflet resulting in asymmetric distribution of phospholipids in the

plasma membrane [14, 20, 21]. Cholesterol can be found in both leaflets of plasma

membranes [14]. The plasma membranes of human erythrocytes have a molar com-

position of about 21 % PC, 29 % PE and PS, 21 % SM and 26 % cholesterol [11].

The endoplasmic reticulum is a eukaryotic cell organelle enclosing a cisternal

space called the lumen. It forms a network of interconnected internal membranes

throughout the cytosol [1]. The endoplasmic reticula are either smooth or rough,

the latter of which contains ribosomes essential for the synthesis of specific plasma

membrane proteins such as opsin [1, 13]. These proteins are then translocated by

vesicles through the Golgi device into the plasma membrane [13].

The lumen of the ER occupies over 10 % of total cell volume and has a central role

in the biosynthesis of both lipids and proteins [1]. It also has a special function in

storing and releasing calcium ions that are used in cell signalling [13]. The release of

calcium is controlled by certain membrane proteins that act as Ca2+-pumps between

the cytosol and the lumen [1].

The main structural differences between the PM and the ER is in their distri-

bution of lipids. Whereas lipid asymmetry is vital for the PM, the ER prefers a

symmetric distribution of phospholipids [1]. The two layers of the plasma mem-

brane are asymmetric due to the fact that new lipids are synthesized in the cytosolic

leaflet of the endoplasmic reticulum from which they are transported to the inner

leaflet of the PM and not all types of phospholipids end up on the outer leaflet [1].

On the other hand, the two layers of the endoplasmic reticulum are symmetric,
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Figure 2.4: A schematic drawing of the interior of the cell. Figure modified from Ref. [23].

presumably due to a scramblase protein, which is a phospholipid translocator that

induces rapid transbilayer movement of all phospholipids in the ER and therefore

half of the newly synthesized phospholipids rapidly flip to the lumenal leaflet [1].

The phospholipid equilibration results in a symmetric growth of both halves of the

bilayer, because the translocation mechanism is not lipid specific [1].

The asymmetric distribution of phospholipids in the PM results for instance in

membrane curvature, mechanical stability of the membrane, regulation of biogenesis

and function of membrane proteins making it vital to cellular activities [4,6]. The loss

of lipid asymmetry in plasma membranes can result in aggregation of thrombocytes

and it is also associated with apoptotic cells [6, 24].

Cell membranes are not stiff structures. Lipids can rotate freely about their axis

and move laterally via diffusion so that their acyl chains remain in the membrane

interior. The amount of free area and its distribution in a membrane has a strong

effect on the rate of lateral diffusion and the permeability of the membrane [25]. A

typical phospholipid can diffuse laterally at as high a velocity as several micrometers

per second at normal body temperature [11]. The lateral diffusion of lipids gives the

bilayer a fluid-like composition, which also causes lateral movement of membrane

proteins. Lateral diffusion of phospholipids is also vital to all reactions occurring in

the cell membrane [11].

The bilayer phases can be characterized into an ordered crystalline gel-like phase,

a liquid-ordered phase or a disordered liquid phase and the types of phospholipids in

a plasma membrane strongly affect its properties [26]. Kinks created by cis-bonds

in the fatty acid chains cause the lipid composition to be much looser and disor-

dered whereas long saturated chains can pack together much more tightly, regularly
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forming a much stiffer structure [10]. The fluidity of the bilayer is thus greater in a

disordered structure. Cholesterol interacts with the hydrophobic tails of the phos-

pholipids, immobilizing them and hardening the bilayer structure by restricting the

random lateral diffusion of phospholipid molecules and increasing their order [11,25].

The permeability properties of the bilayer are also enhanced by cholesterol due to

its immobilizing effect [1]. Studies have also demonstrated that bilayers with sphin-

gomyelin in them are thicker and more gel-like due to their ordered structure [11].

The phase behavior can be related to many membrane events such as protein sorting,

signalling and membrane fusion [26]. Change from one phase to another happens at a

characteristic main transition temperature, which is lower in membranes containing

lipids with short saturated tails [1].

In liquid state, lipid bilayers can have separate tightly packed and highly ordered

domains [1]. Bilayers composed of PC, SM and cholesterol might have strong enough

van der Waals forces between the saturated hydrocarbon tails to hold two adjacent

molecules together for a while, possibly transiently assembling them into so called

lipid rafts with the help of membrane proteins [1]. The group of lipids arranged

into a raft can then diffuse freely in the given monolayer. These lipid rafts are

thought to have membrane organizing properties that aid in the bioactivities of

the membrane, but there is also much controversy surrounding their existence and

biological functions [27].

2.3 Protein Structure

Proteins are naturally occurring polymers of amino acids, where each amino acid

residue is joined to the next one by a covalent peptide bond. With 20 different types

of amino acid residues, and hundreds of residues in a protein, the possible amino

acid combinations in a protein are nearly limitless. The types of the amino acid

residues and their sequence along with the conformation of the protein contribute

to all protein functions including signalling, molecule transport, catalyzing chemical

reactions and affecting the structure of the cytoplasm [11].

The three dimensional structure of a protein depends on the number and sequence

of the amino acid residues. The long polypeptide chain folds into a conformation

which minimizes its free energy. The native conformation is strongly affected by

the different hydrophobic properties of the amino acid residues, which are believed

to dominate the forces that drive protein folding [19]. The polar side chains of the

amino acids tend to gather to the outside of the protein to be able to interact with

water, while the nonpolar side chains form a hydrophobic core inside the protein [1].

The folded proteins are thermodynamically stable and their unfolding by, for

instance, high differences in temperature will cause many of their properties to dis-

appear [19]. Other factors, such as interactions with surrounding environment, can
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also affect the structure of the protein by either making it more stable or causing the

native conformation to unfold. For instance, different kinds of lipids in membranes

have different effects on the stability of membrane protein alpha-helices [19].

The protein structure can be described by four levels: primary, secondary, tertiary

and quarternary structures. The sequence of amino acids in the protein builds up

the primary structure. Two proteins are said to be homologous to each other if

they are significantly similar to each other by their primary structures [29]. The

secondary structure consists of the local patterns in the structure such as alpha-

helices, beta-sheets, turns, loops and coils. The secondary structures form different

few amino acid residue long motifs depending on the amino acid sequence, some

of which have specific biological functions. One such motif is the so called EF-

hand motif consisting of two alpha-helices E and F connected together by a loop,

which has a calcium binding property [29]. The tertiary structure of the protein

is defined by the way different motifs are arranged into domains, which are basic

units of tertiary structures. A critical determinant of the tertiary structure is for

instance the localization of hydrophilic amino acids on the protein surface and of

hydrophobic amino acids in the protein interior [14]. Homology in the primary

structure results in similar tertiary structures in the homologous domains of the

protein [29]. The quarternary structure of the protein consists of several polypeptide

chains that associate three-dimensionally in a specific way [29]. It includes the

interactions between the different polypeptide chains in proteins that are composed

of more than one polypeptide [14].

The alpha-helix is a right-handed polypeptide chain that coils around itself in

a spiral manner to form a helical structure [10]. Each turn of the alpha-helix is

3.6 residues or about 5.4 Å long, i.e. each carbonyl (C = O) bond in residue i is

connected to a NH-group in a following residue i + 4 by a hydrogen bond [10, 29].
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The alignment of these hydrogen bonds as well as the dipole moments caused by the

CO- and NH-groups is along the helical axis [29]. The sidechain groups are directed

outward from the helix. In certain cases the alpha-helices can loosen into π-helices

or tighten into 310-helices [29, 30]. The looser π-helices are right-handed and have

4.1 residues per each turn and similar hydrogen bonds between its residues i and

i + 5 [30]. The tighter 310-helices are also right-handed and have only 3 residues

in each turn and hydrogen bonds between residues i and i + 3 [30]. All membrane

crossing helices are in a hydrophobic environment and therefore most of the side

chains in them are also hydrophobic [29].

The beta-sheets consist of two peptide chains lying side by side in a pleated-sheet

arrangement forced by the planarity of peptide bond forces, in which the sidechain

groups alternate above and below the plane of the sheet [10]. They are the second

most common structure in proteins after alpha-helices. The peptide chains are held

together by interchain hydrogen bonds and form a repeating pattern every 7 Å [10].

Beta-sheets are either parallel or antiparallel depending on whether the beta strands

run in the same biochemical direction or in opposite directions [29].

Turns are a three or four residue long sites where the overall directions of the

polypeptide chains are reversed, easily distinguishable at the ends of helices [11,31].

They allow large proteins to form very compact structures and can also be classified

by the amount of residues it takes for a turn to occur [11]. If a turn is more than a

few residues long, it is called a loop [11].

2.4 Membrane Proteins and Molecule Trafficking

Cell membranes would be impregnable for most molecules without membrane pro-

teins [13]. They can be divided into two groups: integral and peripheral membrane

proteins. Integral membrane proteins are amphipathic and tightly attached into

the membrane as a result of hydrophobic interactions between their transmembrane

alpha-helices and bilayer lipids, and possibly also by a lipid anchor [13]. In order

to detach them from the membrane, one has to use either detergents or nonpolar

organic solvents which break the hydrophobic interactions between the protein and

the membrane [13, 32]. Peripheral membrane proteins attach themselves only tem-

porarily either to the lipid bilayer by lipid anchors or via electrostatic interactions

and hydrogen bonds, or to integral membrane proteins. In the former case they are

also known as lipid-anchored proteins [32]. The locations of membrane proteins on

the plasma membrane are not static due to the fluidity of the bilayer, which forces

them to move laterally along with the lipids [32].

Membrane proteins have an important role in the functionality of the cell. They

affect the permittivity of the membrane, regulate the cell functions and most im-

portantly they act as channels for ions and solutes to travel through the lipid bilay-
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ers [32]. The part of the integral membrane protein which is embedded inside the

membrane is called the transmembrane domain [14]. It typically consists of 20–25

nonpolar or hydrophobic amino acid residues coiled into an alpha-helix [14]. Usually

these alpha-helices pass through the membrane several times opening up a channel

for polar molecules to pass through the lipid bilayers [32].

Not all membrane proteins have transmembrane alpha-helices though, and the

ones that do are called transporters [32]. The transporter proteins are either active

or passive depending on whether they require an outside energy source or not, re-

spectively [13, 32]. The most common external energy source in cells is adenosine

triphosphate (ATP) [13]. Upon releasing energy, ATP loses a phosphate atom and

turns into adenosine diphosphate (ADP) [13]. The amount of energy released by the

transition from ATP to ADP for a single ATP molecule is about 20 kBT , which in

the normal body temperature of 310 K is about 51.5 kJ/mol [13].

Passive trans-membrane transportation is caused by diffusion, which is a sponta-

neous process occurring from a region of a higher concentration towards a region of

a lower concentration. In the case of lipid bilayers there is a free energy barrier be-

tween the two monolayers, meaning that for the transmembrane diffusion to begin,

a certain activation energy is required [13]. Small nonpolar molecules can cross cell

membranes with relative ease, but larger molecules and polar molecules encounter

a high free energy barrier [14]. This barrier exists, because the polar molecule has

bonded with surrounding water molecules, which are difficult to transport through

the hydrophobic bilayer [13]. The passive transporters lower this activation en-

ergy by creating a transmembrane channel through the bilayer. Weak interactions

between the transporter protein and the transported molecule replace the bonds be-

tween the molecule and the water molecules making the repulsive forces caused by

the nonpolar core of the bilayer much smaller [13]. The transporter protein quickens

the intercellular movement of molecules by several orders of magnitude [13].

The direction of passive transportation can be deduced from the concentration

gradient. In active transportation, moving molecules against their concentration

gradient requires an external energy source such as ATP [13]. The amount of energy

required for active transportation can be crudely estimated from the equation

∆Gt = RT ln
C2

C1

+ ZF∆E, (2.1)

where in the first term R = 8.3145 J
mol×K

is the molar gas constant, T the absolute

temperature and C2/C1 the ratio of concentration between the two solutions, when

C2 > C1. The second term accounts for charges if the solute is an electrolyte. In the

second term Z is the charge of the solute, F = 96.480 kJ
V×mol

the Faraday constant

and ∆E the electric potential difference between the two compartments, which for
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a eukaryotic cell membrane is typically about 70 mV [13,32].

If the energy for the active transportation is obtained from proteins such as

ATPases, the transporter proteins are primary active transporters [13]. If the energy

comes only from an electrochemical gradient, the transporter proteins are secondary

active transporters [13].

The majority of primary active transporters are P-type ATPases, integral proteins

that transport cations using energy gained from the hydrolysis of ATP [13]. P-type

ATPases phosphorylate themselves during the cation pumping process by absorbing

a phosphate ion from ATP, which turns into ADP in the process [1, 13]. The best

understood P-type transporter ATPase is the P-type Ca2+ ATPase found in the

sarcoplasmic reticulum membrane of skeletal muscle cells, which actively pumps

Ca2+-ions out of the cell in order to maintain a steep Ca2+ gradient across the plasma

membrane [1]. Other P-type cation pumps function in the same way, maintaining an

electrochemical ion gradient across the plasma membrane, the directions of which

depend on the ion [1].

Other primary active transporters include the ATP-binding-cassette (ABC) trans-

porters, constituting the largest family of membrane transporter proteins. Each

member of the ABC transporter protein family contains two highly conserved ATP-

binding domains, which undergo a conformational change as a result of ATP bind-

ing. This conformational change opens a channel inside the protein for ions to pass

through [12]. Dissociation of ADP as a result of ATP hydrolysis returns the confor-

mation to its original state [12]. Most ABC transporters are unidirectional and in

eukaryotic cells their main function is to export small molecules out of the cytosol [1].

The secondary active transporters obtain their energy mainly from ion gradients

of Na+ or H+ generated by primary transporters, making them dependent on the

energy obtained from ATP-dependent mechanisms [12]. They typically function

by coupling the spontaneous flow of ions down the concentration gradient to the

simultaneous pumping of molecules by a secondary active transporter against it,

thus transforming electrochemical energy into vectorial movement [12,13,33].

The forms of secondary active transport can be allocated into three categories.

Uniporters bind to one molecule at a time, moving them down the concentration

gradient along with the ions sustaining it [13]. Symporters are involved in moving

two types of molecules in the same direction, typically against the concentration

gradient, whereas antiporters move two types of molecules in opposite directions

exchanging one molecule to another [13].

The transporting capabilities of membrane proteins are not limited only to ions or

small molecules, but they extend to larger molecules such as phospholipids as well.

The functions of these active and passive lipid transporters are discussed further in

the next chapter.
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3. TRANSBILAYER LIPID MOTION

Cellular life is sustained by the rapid transbilayer motion of polar lipids [2]. Biosyn-

thesis of new phospholipids occurs only on the cytosolic leaflet of the endoplasmic

reticulum in eukaryotes and thus newly synthesized lipids must be flipped to the op-

posing leaflet at a high enough rate for the bilayer to be balanced [6]. The energetic

cost for the translocation of the polar headgroup of the lipid is very high, therefore

resulting in a slow intrinsic flipping process [4]. Hence, cell growth can not be sus-

tained by spontaneous lipid movement alone. For this reason, cells have specialized

membrane proteins embedded in the bilayer that facilitate lipid transport across

the bilayer with the help of external energy sources such as ATP [6]. Such ATP-

dependent lipid translocators are called flippases or floppases depending on whether

they move lipids from the inner monolayer to the outer monolayer or vice versa,

and the transbilayer lipid motion mediated by these membrane proteins is called

flip–flop [2, 4, 21]. Meanwhile, some Ca2+-activated membrane proteins are able to

facilitate lipid flip–flop across the bilayer without the use of external energy sources.

These ATP-independent phospholipid flippases are called scramblases [4, 21].

Transbilayer lipid motion occurs both in the plasma membrane and the endo-

plasmic reticulum. In the situations described in this thesis, the inner monolayer

is always located on the cytosolic side of the membrane and the outer monolayer

on the extracellular side of the membrane in the PM, or on the lumenal side of the

membrane in the ER.

This chapter begins with a discussion of different methods for transbilayer lipid

motion followed by discussion of flippase and scramblase proteins and their functions.

The putative scramblase protein researched in this thesis is rhodopsin and thus

its molecular structure and key functions are discussed in further details. This

chapter closes with a short review of programmed cell death, an example of a process

triggered by controlled flip–flop of phosphatidylserine.

3.1 Methods of Transmembrane Lipid Flip–flop

The energy required for a lipid with a PC headgroup to flip across the middle of a

DPPC bilayer has been calculated using umbrella sampling by Tieleman and Marrink

[34] to be about 80 kJ/mol. A later study by Bennett et al. [35] examined the effect

of cholesterol components of a bilayer on phospholipid flip–flop and found the free
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Figure 3.1: Four different mechanisms for transbilayer lipid motion. Spontaneous flip–
flop is bidirectional and requires no external energy. P-type flippases facilitate inward
movement of phospholipids with the external energy obtained from ATP. Likewise, ABC
flippases facilitate outward movement of phospholipids by the use of ATP. Scramblase
proteins are bidirectional and Ca2+-dependent, but require no external energy.

energy barrier to increase to about 110 kJ/mol at around 40 mol-% cholesterol

concentration. The typical time constants for flip–flop in both studies varied from

hours to weeks. Due to the high barrier imposed by the bilayer and the subsequent

low intrinsic flip–flop rate, the phospholipid must find a way for its polar head group

to have an easier access through the membrane interior.

Due to the amphipathic nature of phospholipids, it is clear that at least part of the

flip–flop process must be similar for all phospholipids. The hydrophobic acyl chains

are likely to stay in the interior of the membrane while the polar headgroup follows a

path with a lower free energy barrier. Two possible solutions have been suggested for

mediating lipid transportation across the hydrophobic interior of the membrane [8].

These methods include a pore-mediated process, and a flipping process facilitated

by specific membrane proteins. These processes have been demonstrated in Fig. 3.2.

Passive lipid translocation across the membrane has been studied extensively. It

can occur intrinsically, or by a pore-mediated process in which a water pore forms

in the membrane, through which the hydrophilic headgroup of a phospholipid can

easily flip across by a diffusive process [36, 37]. The average durations for pore-

mediated lipid flipping have been found to be between 10 and 130 ns for several

different types of bilayers, and the flip–flop rate has been found to increase with

increasing temperature [36, 37]. It has also been suggested that the translocation

of one lipid would promote the translocation of a second lipid from the receiving

side, resulting in a repeating process of substitution and mixing of lipids [37]. The

limiting factor for lipid flip–flop in this case is the rate at which water pores are
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Figure 3.2: Lipid movement across the membrane can either be mediated by water pores
or by a specific transporter protein. The head group of the phospholipid moves either
along a water pore or the surface of the membrane protein while the acyl chains desorb
from the membrane leaflet and travel to the opposing leaflet. The two series of figures
show parts of the translocation process for one lipid. The lipid bilayer is omitted from the
pictures for the sake of clarity.

spontaneously formed in the interior of the membrane, which is an unlikely event

due to its high cost of free energy [36].

The rate of passive transportation is not high enough to sustain cell growth by

itself and therefore a second, faster method must exist for lipid flip–flop. By study-

ing bilayers with and without membrane proteins embedded in them, the rate of

lipid flip–flop has been found to be orders of magnitude faster in membranes that

include proteins [20]. Therefore it has been suggested that phospholipid flip–flop is

also protein-mediated. Since then, the related membrane proteins have been nar-

rowed down to a few categories and several suggestions for their relevance in lipid

translocation process have been made [2, 6]. A possible method of translocation

is shown alongside the pore-mediated process in Fig. 3.2, in which the phospho-

lipid regards the membrane protein in a similar way as the water pore in passive

translocation. A possibility exists that water pores form rapidly inside the mem-

brane protein, providing the polar headgroup with easy access through the bilayer.

A so called “slip-pop”-model was suggested by Kol et al. [8] in which the transient

disturbances in the bilayer caused by motion of membrane proteins would make the

phospholipid slip into the interior of the bilayer and pop out on the other side. In

the vicinity of a transmembrane peptide, the lipid–lipid interactions, are replaced by
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lipid–peptide interactions and increased thermal motion in the bilayer might cause

nearby phospholipids to enter the transmembrane channel and flip across the mem-

brane [7]. It has even been suggested that during its translocation the phospholipid

could be completely encapsulated by the transmembrane protein, although intuition

would consider that to be unlikely [2].

The transmembrane alpha-helices of primary and secondary active transporters

form a channel for ions to pass through the membrane bilayer by lowering the free

energy barrier that the translocating molecule has to overcome. Thus it is intuitive

to say that the same is true for the phospholipid headgroup. The transmembrane

channel could thus be a favorable route for the polar headgroup to take.

As the large number of proposed lipid translocation methods suggest, the exact

method with which proteins flip lipids is still unknown. It is, however, clear that

transmembrane lipid movement is catalyzed by membrane proteins promoting flip–

flop. It has been hypothesized that transmembrane peptides or integral membrane

proteins with transmembrane alpha-helices induce transbilayer lipid motion on bio-

genic membranes merely by their presence, and this has been proven e.g. by Kol

et al. [38] in vitro in E. coli. However, phospholipid flipping has been shown to be

specific only to certain proteins by a more recent study [3].

Another extensively studied subject is the relation between the bilayer composi-

tion and the flip–flop rate. A high content of PE or cholesterol has a reducing effect

on the rate of phospholipid flip–flop, which is likely due to the increased order of acyl

chains [8]. A higher charge on the polar headgroup seems to lower the rate of flip–

flops according to the fact that the free energy barrier of the membrane is dependent

on the charge [8]. This headgroup dependence, however, is not observed in biogenic

membranes, because the polar side chains of transmembrane alpha-helices interact

with the lipid headgroup [8]. It is possible that flippases induce the formation of

lipid rafts from sphingolipids and cholesterol, or other molecular packing defects

close to the protein–lipid interface, which in turn enhances the flip–flop rate [39].

The bilayer may also be destabilized by dolichols, which function as glycosyl residue

carriers across the ER membrane, thus increasing the rate of their flipping [40].

3.2 Flippases – ATP-dependent Lipid Translocators

The existence of transmembrane lipid transporters was first suggested 40 years ago

by Bretscher et al. to explain the asymmetry of biological membranes [20]. Since

then the mechanisms of transbilayer lipid motion have been researched extensively

and flippases have been recognized as members of well-known protein families [6].

The exact methods by which flippases transport phospholipids across the membrane

are yet to be clarified. The inward movement of phospholipids is carried out by P4-

type ATPases and the outward movement is mediated by ABC transporter proteins,
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both of which are driven by energy obtained from ATP hydrolysis [6]. The energy

is used to exceed the energy requirements of lipid transport coming from the energy

barrier of the membrane and the concentration gradient of ions.

The inwardly directed lipid flippases are proteins of a large P-type ATPase su-

perfamily consisting of 10 transmembrane helices [6]. They are exclusively found

in eukaryotic cells, and a total of 14 different P4-ATPases are encoded in the hu-

man genome [6, 41]. Still their physiological and cellular functions remain widely

unknown.

Purified ATP8a1, a member of the P4-ATPase group, has been proven to be a

flippase activated only by a certain stereoisomer of PS, showing that there is lipid

selectivity in flippase activity [42]. ATP8a2, found in the photoreceptor outer seg-

ments of the retina, has also been identified as a flippase [6]. It was shown to flip

PS specifically from the inner leaflet of liposomes to the outer leaflet [43]. Five

P4-ATPases (Drs2p, Dnf1p, Dnf2p, Dnf3p and Neo1p) that can be found in yeast

seem to act in regular membrane trafficking processes and are believed to function

similarily also in higher eukaryotes [6, 44]. The plant equivalent for an aminophos-

pholipid translocase is ALA1 in the Arabidopsis protein, which is homologous with

yeast Drs2p and bovine ATP8a1, transporting both PS and PE [45].

The outwardly directed lipid flippases comprise a group of proteins from the ABC

superfamily [6]. About 50 ABC proteins, organized into seven subfamilies (ABCA to

ABCG), have a physiologically important role in humans either facilitating outward

translocation of lipids or regulating cell environments [46]. Many hereditary diseases

have been linked to mutations in the ABCA genes, and dysfunctioning ABC proteins

can lead to numerous other diseases [47]. The mechanisms with which ABC proteins

transport substrates have been studied, but the precise methods are still unclear.

The first ABC protein to be recognized as a lipid flippase was the ABCB4 protein,

also known as MDR3 in humans, which is a PC exclusive flippase in the plasma

membranes of hepatocytes [6]. Studies have shown that the lack of ABCB4 or its

dysfunction results in formation of cholesterol gallstones and severe liver diseases

due to defects in PC translocation [48]. ABCA4, linked with the visual cycle, is

another ABC protein found to show flippase activity with a conjugate of retinal-

PE [47]. Mutations in ABCA4 interferes with the flipping process, causing the

retinal-PE conjugate to accumulate inside the photoreceptor disks, resulting in a loss

of vision [47]. Other ABC proteins showing flippase activity include several ABC

drug transporters, such as Cdr1p, Cdr2p, Yor1p and Pdr5p, which do not seem to

be lipid specific [6]. Purified ABCB1 has been shown to be a flippase for NBD-

labelled phospholipids and sphingolipids [49]. ABCC1, also known as multidrug

resistance-associated protein MRP1, has been shown to be a flippase for PC and

sphingolipids [50]. Other ABC proteins mediate membrane lipid transfer from the
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outer leaflet to a soluble acceptor and are therefore not considered to be true lipid

translocases [6].

Lipid flippase activity has also been observed in bacteria, mainly in E. coli. Flip–

flop in bacterial cytoplasmic membranes is rather independent of the phospholipid

headgroup and does not require metabolic energy [8]. Dedicated flippase proteins

that function in bacteria have not yet been identified even though flip–flop in bacteria

has been shown to be sensitive to proteases [6]. The E. coli protein translocon was

thought to facilitate flippase activity in the bacterial inner membrane due to its

structure, but only a minimal contribution was observed [51]. However, several ABC

transporters such as MsbA, an essential protein in E. coli, are prominent candidates,

and purified MsbA has been shown to exhibit flippase activity for a large variety of

phospholipids in an ATP-dependent manner [52].

3.2.1 The Biological Functions of Flippases

The main biological functions of flippases are related to biogenesis. When new

membranes are being generated, the synthesis of new membrane lipids occurs mainly

on the cytosolic leaflet of the endoplasmic reticulum, but also on the cytosolic leaflet

of the Golgi device and the mitochondrion [53]. Some of these newly synthesized

lipids remain on the cytosolic leaflet of the ER and half of them have to be flipped

to the lumenal side in order to grow the bilayer symmetrically [1].

During cell formation, newly synthesized lipids are imported from the ER and the

Golgi device to the cytosolic side of the plasma membrane via transport vesicles [53].

From there half of the lipids have to be flipped to the extracellular side of the PM

to ensure stable cell growth [1, 54]. Since the intrinsic rate of lipid diffusion across

the membrane is very slow (about 10−15s−1), flippases play an important role in the

translocation of phospholipids as the rate of phospholipid synthesis and flipping has

to be equal to the rate of cell growth [2, 6]. Flippases greatly increase the rate of

transverse lipid diffusion making cell growth possible [6].

Flippases also play an important role in retaining both the lipid asymmetry of the

plasma membrane and the lipid symmetry of the endoplasmic reticulum. The P4-

ATPases of the PM transport both PS and PE to the extracellular leaflet, keeping PC

and SM confined to the cytosolic leaflet and resulting in an asymmetric distribution

of phospholipids [53]. The translocation mechanism in the ER is ATP-independent

and not specific to any lipid, resulting in rapid transbilayer movement of lipids across

the ER membrane that preserves a equilibrated lipid structure that is considered to

be symmetric [1].

In some cases, the number of lipids in the two monolayers are kept different

on purpose. Inwardly directed flippases can create a mass imbalance between the

leaflets, thus bending the membrane, which is a prerequisite for endocytosis and
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vesicle formation and also useful for absorbing substances from the exoplasm [5,12].

Conversely, outwardly directed flippases can cause a defect in endocytosis in the same

way. It has been shown that even a 1 % difference in the ratio between lipids in

the two leaflets will result in a substantial change on membrane structure [55]. Due

to the limitations on protein-free flip–flop, membrane bending and vesicle budding

would be difficult to accomplish without the aid of flippase proteins [5].

The constitution of the exoplasmic leaflet defines many intercellular properties of

the cell. A high level of PC and cholesterol has to be sustained on the exoplasmic

leaflet of the bilayer to keep the membrane surface inert and stable in addition

to keeping the energy barrier functioning [5]. Flip–flop of glycosphingolipids to

the outer leaflet is essential for signal transduction and intercellular recognition [5].

Exposure of platelet membrane PS, for instance, is essential in regulating blood

coagulation, since PS acts as a secondary messenger linking platelet activation to

the activation of prothrombin, a protein that eventually stems blood loss [56].

Important flippase functions are not limited only to outward flipping as it is

equally important to deplete certain phospholipids from the exoplasmic leaflet. For

instance, a high exposure of PS on the cell surface acts as a signal for macrophages

that the cell in question marks for apoptosis and should be devoured [5]. Therefore,

in healthy cells flippases prevent PS from accumulating to the exoplasmic leaflet of

the membrane.

Absence of flippases or their dysfunction for any reason will cause phospholipids

to accumulate to one leaflet of the bilayer resulting in dramatic deformations of the

membrane [2]. Translocation of wrong phospholipids across the membrane can also

have dire consequences for membrane structure [57].

3.3 Scramblases – ATP-independent Lipid Translocators

The third group of phospholipid flippases constitute a group of ATP-independent

lipid translocator proteins found both in plasma membranes and endoplasmic retic-

ula of eukaryotic cells [1]. The flippases found in self-synthesizing membranes such

as the ER or bacterial cytoplasm are commonly referred to as biogenic membrane

flippases, whereas the flippases localized to the PM are called scramblases [1].

Although many of the functioning flippase proteins have been identified, the iden-

tity and biological functions of scramblase proteins still remain unknown, despite the

fact that their existence has been known for quite some time [58]. Progress has how-

ever been made in the study of the genes related to the scrambling process.

Phospholipid scramblases (PLSCRs) are a group of bidirectional phospholipid

translocators that function without the use of external energy source such as ATP [6].

The scramblases found in the ER are always active resulting in constant exchange of

lipids between the two leaflets of the membrane [6]. This activity is not specific to
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any lipid, leading to complete randomization of the newly synthesized lipids between

leaflets [6]. Meanwhile, the scramblases of the PM are only activated by increased

concentration of cytosolic Ca2+ resulting in disruptions in the membrane asymmetry,

which in turn has serious consequences for the cell [1, 6].

Four related phospholipid scramblase genes have so far been identified in humans,

named as hPLSCR1 - hPLSCR4 [59]. Respectively to hPLSCR1, the predicted open

reading frames encode proteins with 59 % hPLSCR2, 47 % hPLSCR3 and 46 %

hPLSCR4 homology [59].

The most studied member of the family is hPLSCR1, being involved in rapid

transbilayer phospholipid redistribution in the plasma membrane. The PLSCR1

protein is a 37 kDa type II endofacial membrane protein comprising a total of 318

amino acid residues with a single transmembrane segment [21]. Its essential amino

acid domains include the N-terminal region in amino acids 1–85, which may bind

other proteins; the DNA binding domain in amino acids 86–118, which enables the

protein to interact with DNA; the cysteine-palmitoylation motif in amino acids 184–

189, which provides a membrane anchorage for the protein essential for the scram-

blase activity; the calcium binding motif in amino acids 273–284, which supposedly

binds the calcium ions necessary for the phospholipid scrambling activity; and the

transmembrane helix near the C-terminus in amino acids 291–309 [21,60,61].

The calcium binding motif of hPLSCR1 was thought to be an EF-hand-like struc-

ture consisting of two short alpha-helices connected by a loop [62]. Binding of Ca2+

by that loop is supposed to induce a conformational change in the protein enabling

the scramblase activity [62]. Mutations leading to replacement of any of the amino

acids in the EF-hand resulted in notable reduction in the scrambling activity [62].

A more recent structural model of hPLSCR1, however, showed that calcium does

not bind to the EF-hand-like structure, but to a new class of calcium binding motifs

found in all scramblases [63]. In addition to Ca2+ ions, this motif is also known to

bind Mg2+ ions [63]. Ionic interactions of Ca2+ or Mg2+ with this motif lead to a

change of conformation around the region of the motif, but its physiological implica-

tions are still unclear [63]. It is believed, however, that this change in conformation

eventually leads to the events related to programmed cell death, cell activation, or

blood coagulation [63,64].

Little is known of the other three PLSCR genes. The expression of hPLSCR2

mRNA is the most restricted, found mainly in human testis [59]. hPLSCR3 is much

more common, found as expressed in a number of tissues including heart, kidney,

pancreas and spleen along with hPLSCR1 and hPLSCR4 [59]. Notably hPLSCR4

was not detected in peripheral blood lymphocytes [59]. hPLSCR1 and hPLSCR3

were not detected in the brain [59]. Confined to mitochondria, hPLSCR3 has been

found to show scrambling activities in mitochondria by regulating biosynthesis of
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cardiolipins and subsequently maintaining the mitochondrial structure and control-

ling apoptosis [65]. The biological functions of hPLSCR2 and hPLSCR4 are still to

be determined [60].

3.4 Rhodopsin

Although four PLSCR genes have been identified, a single protein that acts as a

scramblase is yet to be named. Recent studies have indicated that opsin is a phos-

pholipid flippase [3], and rhodopsin, which is converted from opsin by addition of a

11-cis-retinal, could be a possible scramblase [9]. The method by which rhodopsin

flips lipids is yet unknown, but believed to be related to water molecules that find

their way inside the helical bundle of rhodopsin [3]. The water molecules would

cause rhodopsin to have a hydrophilic core, which in turn would allow the polar

headgroups of phospholipids easy access through the bilayer, while the acyl chains

remain in the interior of the membrane. This agrees with the simulation data gath-

ered from pore-mediated lipid translocation [37], where the polar headgroup moves

along the water pore and the acyl chains turn around in the membrane. The flipping

routes and the possibilities that they function are further discussed in the results

section.

3.4.1 The Molecular Structure

As a key protein in human vision, rhodopsin is a thoroughly researched molecule.

Its molecular structure has been determined at as low as 2.2 Å resolution by crys-

tallization by Okada et al. [66] and can be found in the Protein Data Bank (PDB)

database by its identifier 1U19. Rhodopsin is a member of the largest subfamily of

G protein-coupled receptors (GPCRs), heterotrimeric guanine nucleotide -binding

proteins, constituting about 90 % of the whole family [66,67].

All GPCRs have a similar structure consisting of seven transmembrane alpha-

helices connected to each other by six protein loops of varying lengths [67]. Like all

proteins they consist of a long chain of amino acid residues. The residues are num-

bered by the order in which they appear in the amino acid chain of the protein and

together they form the backbone of the protein [10]. Conserved water molecules can

be found in the transmembrane channels of all GPCRs including bovine rhodopsin,

and they are believed to have some importance in their biological functions such as

changes in conformation [68].

The protein opsin comprises a total of 348 amino acid residues. Rhodopsin dif-

fers from opsin only by a 11-cis-retinal covalently linked to Lys296 and it has a

total weight of about 40 kDa [67]. The retinal chromophore is attached to the

lysine residue via protonated Schiff-base-linkage, an N substituted imine, which is
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Figure 3.3: Rhodopsin as visualized in VMD (Visual Molecular Dynamics) [70] and
rendered using Tachyon ray tracing library [71]. The cytosolic side of the membrane lies
on the left side of the image and the extracellular side on the right side of the image. Two
palmitoyl chains have been added to Cys322 and Cys323 to act as lipid anchors between
the protein and the membrane and are drawn in the figure in cyan color using the VDW-
scheme. The retinal molecule located inside the transmembrane channel is attached to
Lys296 and is drawn in the figure in orange color using the VDW-scheme. Different colors
correspond to different secondary structures. The purple ribbons represent transmembrane
alpha-helices, the yellow arrows beta-sheets, and the cyan and white curves turns and coils,
respectively. Parts of the alpha-helices have loosened into turns and coils over time in the
molecular dynamics simulations.

a functional group containing a carbon-nitrogen double bond [67]. The protonated

Schiff-base is stabilized by electrostatic interactions with negatively charged Glu113,

which constrains the retinal to its inactive state [69]. The 11-cis-double bond of the

retinal changes its conformation upon absorbing a photon turning the retinal into a

all-trans-conformation [66].

The seven transmembrane alpha-helices (H-I to H-VII) are made up of a total of

194 amino acid residues located in the following helices: Trp35 to Gln64 in H-I, Pro71

to His100 in H-II, Pro107 to Val139 in H-III, Asn151 to Val173 in H-IV, Asn200 to

Gln225 in H-V, Glu247 to Thr277 in H-VI, and Ile286 to Tyr306 in H-VII [67].

The residues in the extracellular region include 74 amino acids forming a compact

structure comprised of interhelical loops and beta sheets (E-I to E-III) and an NH2-

terminal tail. The amino acids are located in the following chains: Met1 to Pro34
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in the NH2-terminal tail, Gly101 to Gly106 in E-I, Gly174 to Asn199 in E-II, and

His278 to Pro285 in E-III [67].

The 70 amino acid residues in the cytoplasmic region are located in three loops

(C-I to C-III) and a COOH-terminal comprising His65 to Thr70 in C-I, Cys140 to

Glu150 in C-II, Leu226 to Ala235 and Ser240 to Ala246 in C-III, and Ile307 to

Pro327 and Ser334 to Ala348 in the COOH-terminal region [67].

It is also notable that the side chains of Cys322 and Cys323, which can be found

on the outside of rhodopsin, are suitable for attachment of palmitic acids, which

would act as lipid anchors between rhodopsin and the bilayer. These palmitoyl

chains are believed to be essential for the scramblase activity of hPLSCR1 either

by promoting the correct conformation for the calcium-binding site or by acceler-

ating the transbilayer lipid movement [21, 72]. Thus, they have been added to our

rhodopsin. Detailed studies on the behavior of these palmitoylations have suggested

that the palmitoyl chain in Cys323 potentially works as a lipid anchor, while the

palmitoyl chain in Cys322 interacts more with the protein itself and might thus be

related with the stability of the dark state of rhodopsin [73]. The palmitoylation

might also act as a targeting signal for other membrane proteins and thereby con-

trol its localization [74]. For instance, palmitoylated hPLSCR1 has been shown to

localize to the PM, whereas the absence of palmitoylation in hPLSCR1 directs it to

the nucleus [74].

3.4.2 The Function of Rhodopsin

The light and colour sensitive area in the eye is called the retina, which comprises

millions of light-sensitive rod cells and colour-sensitive cone cells. Rhodopsin can be

found as an integral protein on the outer segments of each disk of these cells, and it

is functional in visual phototransduction [12]. It activates upon the absorption of a

photon by the covalently attached 11-cis-retinal, which changes its conformation to

all-trans in the absorption process. The change in the conformation of the retinal

forces additional conformational changes in the rhodopsin, which begins the visual

transduction [12].

Like all integral membrane proteins, opsin is synthesized on the rough endoplas-

mic reticulum [1]. Its signal sequence directs it to the plasma membrane of the

cell through the Golgi device, which modifies its original structure [1]. The parts

of the plasma membrane containing opsin bud off internally forming stacks of disk

shaped membranes enveloped by a plasma membrane into the outer segments of

photosensitive rods located in human and animal retina [75].

Rhodopsin can not be synthesized in human cells by itself, i.e., the synthesis

requires an external source. Such a source can be found in Vitamin A, which is

produced from β-carotene obtained from vegetables such as carrots [12,76]. Vitamin
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A is crucial in forming new 11-cis-retinals which along with opsin proteins convert

to rhodopsins, and it has been shown that vitamin A deficiency results in a lack of

vision in dark environments [76,77].

3.5 Apoptosis

There are two primary ways for a cell to die. The first is necrosis, caused by external

factors that damage the cell membranes so that the cells break down and the cellular

molecules are released to the space between cells [13]. The second is apoptosis, a

naturally occurring programmed cell death in which nearby phagocytes (white blood

cells) devour the dying cells [13]. Unlike necrosis, apoptosis is a controlled process

which does not cause infections [13].

Apoptosis is a way for cells to control the time of their own death, which is useful

for organisms that have unneeded or potentially dangerous cells [12]. It is character-

ized by cell shrinkage, blebbing of the plasma membrane and nuclear condensation

and fragmentation [64]. The cells break down into small cell portions surrounded

by membranes in order to prevent the cellular components from ending up in the

intercellular space [13]. These vesicles are then devoured by phagocytes, and the

amino acids and nucleotides in the proteins of the cell are subsequently released in

the degradation process, which allows them to be reused in neighboring cells [12]. It

plays a complementary role to the cell generation process, balancing the number of

cells in the organism [78]. Apoptosis is triggered by an outside signal that activates

the so called death receptors in the cell, eventually causing the elevation of Ca2+

concentration in the cytosol, which in turn activates hPLSCR1 [79].

The apoptotic processes dependent on Ca2+ have been linked to caspases, cysteine-

dependent aspartate-specific proteases, that function as mainstream executioners of

apoptosis [64]. Caspases are homologues of the cell-death protease CED-3, and

their overexpression is known to result in apoptotic cell death [64]. Once caspases

are activated, they begin to interfere with Ca2+ homeostasis by cleaving the en-

zymes that control the Ca2+ flux in and out of the cell, resulting in an overload of

Ca2+ in the cell [64,80]. Once enough Ca2+ has been accumulated, the scramblases

begin to function leading to externalization of phosphatidylserine. Although phos-

phatidylserine exposure in apoptosis has been shown to being Ca2+-dependent, it is

not Ca2+-regulated [64].

In the plasma membrane, phosphatidylserine distribution between the two leaflets

is regulated by the bidirectional Ca2+-dependent scramblase and unidirectional flip-

pases. In normal conditions the scramblase is inactive, whereas the flippases function

to prevent PS from accumulating to the extracellular leaflet. A surplus of Ca2+ in the

cytosol activates the scrambling activity of phospholipids, while having an inhibiting

effect on the aminophospholipid translocase activity [64].
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Figure 3.4: An illustration of apoptosis. On the left is a healthy cell bilayer with an
inactive scramblase. An overload of calcium ions in the cytosol activates the scramblase
resulting in externalization of phosphatidylserine. PS on the outer leaflet then acts as a
marker for phagocytosis.

The activation of the phospholipid scramblase and the dysfunction of phospholipid

flippases causes PS to rapidly flip–flop to the extracellular leaflet of the bilayer,

thus interfering with the lipid asymmetry in the bilayer [21, 79]. The appearance

of PS on the usually PS-free cell surface along with changes in the functions of

surface molecules that prevent phagocyte recognition of viable cells from repulsive

to adhesive then act as a marker for extracellular phagocytes aiding in the recognition

and removal of apoptotic cells [64,79]. The phagocytes then recognize the apoptotic

cells and digest them prior to the rupturing of the plasma membrane, thus preventing

cellular components from releasing and ending up as intercellular waste [12,80]. The

efficiency with which apoptotic cells are terminated by phagocytes compared with

necrotic cells is a distinguishing characteristic of apoptosis [64].

Although hPLSCR1 is involved in the externalization of PS, it has been shown

that PS exposure during apoptotic events is specific to cell type and does not cor-

relate with the expression level of hPLSCR1, which suggests that other cellular

components might also be involved in apoptosis [81].

Observations of apoptosis have suggested that it contributes to a high rate of cell

death in malignant tumors and could even promote the progression of tumors [82].

Identification of apoptotic cells would thus be helpful in preventing cancer from

spreading. Unfortunately certain mutations during cancer progression interfere with

the genes that control apoptosis, and failure of apoptosis can result in uncontrolled

cancer growth [11, 13]. In a model where interrupted apoptosis results in cancer

growth, the tumor cells contain the enzymes that are necessary for carrying out

apoptosis, but lack the protein responsible for launching the process [80]. It was
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suggested that the protein in question is the tumor suppressor p53, which may be

inactive in cancerous cells [80, 83]. Since then, new protein families that might

restore the function of p53 have been under study [80].

In addition to preventing tumor progression, further knowledge on apoptosis

might be used in curing Alzheimer’s disease. The death of nerve cells in Alzheimer’s

disease is thought to be the result of apoptotic processes, and thus anti-apoptotic

drugs have been used in helping Alzheimer’s patients [84]. However, there is much

discussion on whether the neurons are really dying due to apoptosis as there is a

lack of characteristic signs [84].
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4. THE BACKGROUND OF MOLECULAR

DYNAMICS SIMULATIONS

Even though the imaging of nanoscale systems such as cells is possible with modern

techniques, the optical limit prevents the observation of atomic-scale events that

happen on very fast time scales. Therefore computer simulations based on molecular

models are currently the easiest way to observe, for instance, the events taking place

within a cell membrane. The way to do this is to build a molecular model of the

target system and change the atomic positions step by step by solving their Newton’s

equations of motion from the forces acting on them. By repeating this process for a

desired time, the evolution of the system can be observed.

The basic idea behind molecular dynamics is simple, however the simulations

themselves may be difficult to process. The durations of the simulations have to be

long enough for the desired event to reliably occur, which can take anything from

nanoseconds to milliseconds depending on the event, while the time steps are limited

by the characteristic times of atomic-scale events such as bond vibrations, which are

of the order of femtoseconds. Therefore the used time steps must also be of the

order of femtoseconds in order to simulate the system realistically. Along with a

large system, this can result in a very time and resource consuming simulation. In

order to speed the calculations up, approximations and cut-off radii for long range

interactions are used and the simulated system is kept as small as possible. To

prevent the problems arising on the edges of the simulation box, periodic boundary

conditions are used, in which the used box is replicated in every direction to form an

infinite lattice. As a particle crosses the boundary, its image appears on the other

side of the original box. The simulation box must also be large enough to prevent

the particles from interacting with their copies. In order to prevent the temperature

and the pressure of the system from drifting, a thermostat and a barostat have

to be implemented. Temperature coupling is usually done by weakly coupling the

system to an external heat bath and the pressure coupling by varying the size of the

simulation box when necessary.

The molecular dynamics simulations in this study were performed using GRO-

MACS [85, 86], which is an engine for performing molecular dynamics simulations

and energy minimization. The basics of the molecular dynamics simulation pro-

cesses are discussed in this chapter, beginning with the simulation process itself,
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followed by the algorithm used for molecular dynamics. A short review of the bio-

logically relevant force fields consisting of bonded and non-bonded interactions be-

tween atoms is given along with a short introduction to the v-rescale–thermostat and

the Parrinello–Rahman barostat used in temperature and pressure coupling. The

algorithms used for bond constraints are introduced and the mechanics of umbrella

sampling, which is used to calculate the free energy differences along a reaction path,

is also briefly reviewed along with its error analysis methods. The user manual for

GROMACS [87] gives a good view into the theory of molecular dynamics, so most

of the topics discussed in this chapter are based on it.

4.1 The Simulation Process

In order to simulate a system, the topologies of the molecules have to be created

and the acting force fields have to be listed. The topology describes the molecular

structure of the system by including a list of all the atoms in the system and of the

interactions between these atoms. The atom types are characteristically listed in the

topology of the system. Different atom types exist for a single atom as its parameters

depend on its bonding and location in molecules. For instance, a carbon atom in

a ring structure has different parameters than one in a hydrocarbon chain due to

its different partial charge and interactions with nearby atoms. If a certain atom

type is missing, a new one can be created and its parameters either approximated

from an existing atom type, calculated quantum mechanically, or obtained via trial

and error through varying their values and comparing the simulation results with

experiments. The new atom type must then be appended to the topology. The bond

parameters and atom parameters for both bonded and non-bonded interactions for

different atom types are also found in the force field. Again, missing bond types

can be manually created. The topology file also includes possible position restraints

which can be used to hold certain parts of the system in place. The Hamiltonian

operator for each atom is calculated from the given parameters.

In addition to the topology, the coordinates of single atoms in the molecular

structure are also required. The coordinates are basically given as a list of all

the atoms in the system and their respective locations in the simulation box. The

coordinate file can also be visualized and analyzed with ,e.g., VMD (Visual Molecular

Dynamics), which is a software for visualizing biomolecular systems [70,88].

Once the topology and the atom coordinates are in order, they can be processed

into a run input file, which contains all the necessary parameters for molecular

dynamics simulations. They are entered in the input file with a molecular dynamics

parameter file in which, e.g., the type and length of the simulation and all related

simulation parameters are given. The input file can then be run, and once finished,

the simulation program will give a trajectory file of the locations and velocities of
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Analyze the results
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Figure 4.1: A flow chart of the molecular dynamics algorithm.

the particles in the system at different time intervals as an output. In GROMACS,

visualizing the previous coordinate file along with this trajectory file allows the user

to follow the evolution of the system as time passes. The trajectory file can also be

used for further analysis on the dynamics of the system, such as measuring structural

changes of proteins or calculating system energetics.

Before conducting any molecular dynamics simulations, it is important to first

minimize the energy of the system. This is done by conducting energy minimization

runs that discard thermal motion by setting the temperature to zero and equilibrate

the molecular structures to the lowest energy at absolute zero by using algorithms

such as the steepest descents method or conjugate gradient minimization. Setting

the temperature to absolute zero also removes the effect that entropy has on the total

energy. Running energy minimization to relax the original system is important, as
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conducting MD simulations on a non-equilibrated system often causes it to blow up

due to unstabilized structures.

The global algorithm for molecular dynamics simulations is shown in Fig. 4.1. By

repeating the previous steps after analyzing the results of each step and modifying

the parameters if necessary, one should eventually obtain the desired results from

the simulation process.

4.2 Computational Methods

Molecular dynamics (MD) simulations are based on solving the Newton’s equations

of motion for a system of N interacting atoms, where the forces are negative deriva-

tives of a potential energy function V (r1, ..., rN)

mi
∂2ri
∂t2

= Fi = −∂V
∂ri

, (4.1)

where mi and ri are the mass and the position of particle i and Fi is the force acting

on it. The potential energy function is included along with related parameters in

the force field that is applied to the system. If the force field and the positions of

the particles are known, the forces acting on each particle can be calculated. Then

numerical integration can be used to calculate the positions and the velocities of the

particles after a certain time step. The numerical integration method for Newton’s

equations of motion used by GROMACS is the so called leap-frog algorithm [89].

The leap-frog algorithm is a third order integration method with similarities to

the Verlet algorithm. Its major advantages in mechanics problems include time-

reversibility and subsequently conservation of the energy of the system. The leap-

frog equations read
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mi

Fi(t), (4.2)

ri (t+ ∆t) = ri (t) + ∆tvi

(
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1

2
∆t

)
, (4.3)

where vi and ri are the velocity and the position of the particle i and ∆t is the length

of the time step. As can be seen from the equations, the leap-frog algorithm never

calculates the positions at the same point in time as the velocities, which gives

the leap-frog algorithm an important quality of time-reversibility. The obtained

coordinates and velocities are saved into a trajectory file at predetermined time

intervals allowing the analysis of the particles’ trajectories.
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4.3 Force Fields

Various types of force fields can be utilised in GROMACS. The one used in this study

was the Optimized Potentials for Liquid Simulations (OPLS) force field using an all-

atom (AA) representation, which includes even the nonpolar hydrogen atoms [90].

Although computationally slower than the united-atom (UA) model, which includes

the hydrogen atoms linked to carbon atoms only in the carbon atoms’ parameters,

it provides much higher accuracy and allows more flexibility in torsional energetics

and charge distributions [90]. Therefore given that enough computational power is

available, it is preferred for systems that include hydrocarbons if high accuracy is

desired.

A force field comprises the interaction potentials between different particles of

the system. They can be divided into two categories depending on whether the

particles are connected by a chemical bond or if the particles only affect each other

through long range interactions. The bonded interactions of OPLS-AA constitute

of covalent bond-stretching, angle-bending and proper or improper dihedrals. The

non-bonded interactions include Lennard-Jones potentials, which include the van

der Waals forces and steric repulsion, and Coulomb potentials. The total potential

function in OPLS can be obtained by adding the bonded and non-bonded potentials

together:

Vtotal =Vbonded + Vnon-bonded (4.4)

=
∑
bonds

Vb (rij) +
∑

angles

Va (θijk) +
∑

dihedrals

Vd (φijkl)

+
N∑
i=1

N∑
j=i+1

VLJ (rij) +
N∑
i=1

N∑
j=i+1

Vc (rij) .

(4.5)

The components of the sums are further explained in the following subchapters. All

of them include certain bond characteristic parameters, which are found listed in

the data files of the employed force fields.

4.3.1 Bonded Interactions

As mentioned above, bonded interactions are not exclusively pair interactions as

they also include 3-body and 4-body interactions through chemically bonded atoms.

The bond between two atoms should not be considered as a rigid rod, but rather

as a stiff spring, which can stretch on occasion. The bonded interactions described

below are used in OPLS force fields.

The most basic interaction between two bonded atoms is called bond stretching,

which occurs when the energy in the bond changes. It is represented by a harmonic
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Figure 4.2: The bonded interactions of OPLS force fields are illustrated in this figure.
Bond stretching occurs with two bonded atoms i and j at a distance r. Angle bending
can be observed on a triplet of connected atoms i–j–k as a function of the angle θ. The
dihedral angles are defined by the torsion angles φ between two planes ijk and jkl defined
by a set of four connected atoms i–j–k–l.

potential

Vb (rij) =
1

2
krij
(
rij − r0

ij

)2
, (4.6)

where i and j are the two bonded atoms, krij the force constant of the bond, rij the

distance between the particles, and r0
ij the reference distance, which is the distance

where the energy of the bond is the lowest.

As the length of a bond can change, so can the angle between two bonds due to

interactions on the triplet of connected atoms i− j − k. This angle-bending is also

represented by a harmonic potential

Va (θijk) =
1

2
kθijk

(
θijk − θ0

ijk

)2
, (4.7)

where θijk is the angle between the two bonds with the atom j in the center, kijk

the force constant of the angle, and θ0
ijk the reference angle.

A dihedral angle refers to the angle between two planes formed by four connected

atoms i−j−k−l. For proper dihedrals a zero angle in OPLS force fields corresponds

to the cis configuration where the atoms i and l are on the same side of the bond.

Likewise a 180◦ angle in OPLS force fields corresponds to the trans configuration

where the atoms i and l are on opposite sides of the bond. For other force fields,

the angles can be described the other way around. There are two ways to describe

proper dihedrals in OPLS force fields. They can be of periodic type

Vd (φijkl) = kφ (1 + cos (nφijkl − φs)) , (4.8)

where n is the periodicity, φijkl the angle between the planes ijk and jkl, φs the

reference angle and kφ the force constant. They can also be described by a Ryckaert–

Belleman’s (RB) function commonly used in alkane chains found in phospholipid

tails

Vrb(φijkl) =
5∑

n=0

Cn (cos (ψ))n , (4.9)

where Cn (n = 0, ..., 5) are Ryckaert–Belleman torsion parameters. The OPLS force
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fields use a modified form of the RB function, which utilises Fourier series. The

purpose of improper dihedrals is to force planar groups to stay planar or to prevent

molecules from becoming their mirror images. Improper dihedrals are either of

periodic type, in which case the potential function is identical to the proper periodic

dihedral, or of harmonic type, where the harmonic potential is

Vid (ξijkl) =
1

2
kξ (ξijkl − ξ0)2 , (4.10)

where ξijkl is the angle between the planes ijk and jkl, ξ0 the reference angle and

kξ the force constant.

4.3.2 Non-bonded Interactions

The non-bonded interactions contain a repulsion term and a dispersion term, which

are combined in the Lennard-Jones (LJ) interaction, and a Coulomb term. The value

of the Lennard-Jones potential depends heavily on the distance rij between the two

interacting atoms, because it contains the repulsive r−12
ij term and the attractive r−6

ij

term. Lennard-Jones potential can be written as

VLJ(rij) = 4εij

((
σij
rij

)12

−
(
σij
rij

)6
)
, (4.11)

where εij is the mimimum energy of the potential well and σij the van der Waals

distance, which defines the point where the potential turns from repulsive to attrac-

tive [91].

The Coulombic interaction between two charged particles can be calculated from

Vc(rij) =
1

4πε0

qiqj
εrrij

, (4.12)

where qi and qj are the charges of the particles in question, ε0 is the permittivity of

the vacuum, εr the relative permittivity of the medium, and rij the distance between

the two particles.

Lennard-Jones and Coulombic interactions are long range interactions. Thus,

in order to speed calculations up, a certain cut-off radius is used to truncate non-

bonded interactions between two atoms. The cut-off radius has to be limited though,

because of the periodic boundary conditions of the system box, to prevent any

molecule from interacting with itself. The longest allowed cut-off radius is half the

shortest box vector. GROMACS uses a periodically updated neighbor list to keep

track of molecules within the cut-off radius and applies the non-bonded interactions

only to the listed pairs.
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4.3.3 Long-range Interactions

Force fields are parametrized in order to allow certain approximations at long dis-

tances. For instance, van der Waals interactions decrease rapidly with distance,

which allows us to use a cut-off radius, which limits the amount of van der Waals

interactions that need to be considered. Too high a cut-off radius, however, can re-

sult in particles interacting with themselves due to the periodic boundary conditions

and therefore some consideration must be put in selecting a proper cut-off radius.

Even though a cut-off radius is implemented to speed calculations up, long-range

interactions decay too slowly to be neglected completely. Beyond the defined cut-off

radius a method called Ewald summation is applied to calculate long-range inter-

actions for electrostatics in periodic boundary conditions [92]. It is a technique for

calculating the sum of long-range interactions between particles and all their infinite

periodic images in an efficient way. The total electrostatic energy of N particles and

all their periodic images can be written as

V =
f

2

∑
n

N∑
i

N∑
j

qiqj
rij,n

, (4.13)

where n = (nx, ny, nz) is the box vector and rij,n the real distance between the

charges. The terms with i = j should be omitted when n = 0 [92].

Because the sum is very slowly convergent, the Ewald summation method converts

it into two quickly converging terms and a constant term

V = Vdir + Vrec + V0, (4.14)

where the real (direct) space sum can be written as

Vdir =
f

2

N∑
i,j

∑
n

qiqj
erfc(αrij,n)

rij,n
, (4.15)

the reciprocal sum as

Vrec =
f

2πV

N∑
i,j

qiqj
∑
m 6=0

exp
(
− (πm/α)2 + 2πim · (ri − rj)

)
m2

, (4.16)

and the constant term as

V0 = − fα√
π

N∑
i

q2
i , (4.17)

where α is a parameter used to determine the relative weight of the direct and

reciprocal sums, V the volume of the simulation box, m = (mx,my,mz) a reciprocal-
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space vector, and erfc (x) the complimentary error function

erfc (x) = 1− 2√
π

∫ x

0

exp
(
−u2

)
du (4.18)

which decreases monotonically as x increases [92]. These equations allow the use

of a short cut-off radius of the order of 1 nm, where direct sums are calculated at

ranges below the cut-off radius and reciprocal sums at ranges beyond the cut-off

radius, when a high enough relative weight factor α is chosen. The computational

cost, however, increases as O (N2), and therefore Ewald summation in its current

form is not viable for large systems.

A faster method called Particle-mesh Ewald (PME) was developed in order to

improve the calculation rate of the reciprocal sum in large systems [93]. The direct

sum is explicitly calculated by using cut-offs, but instead of summing the wave

vectors directly in the reciprocal sum, it assigns the charges to a grid using either

Lagrange interpolation or more accurate cardinal B-spline interpolation. A Fourier

transform F (Q) is then applied to the charge grid using a 3D FFT algorithm and

the reciprocal energy term is then obtained by a single sum over the grid in the

reciprocal space

Vrec =
f

2πV

∑
m 6=0

exp
(
− (πm/α)2)

m2
F (Q) (m)F (Q) (−m) . (4.19)

The potential energy at points of the grid is obtained by inverse transformation, and

the forces on each atom is calculated by using the interpolation factors.

The computational cost of the PME algorithm increases as O (N logN), making

it significantly faster than Ewald summation. In addition to computational speed,

the PME method also gains in accuracy, which can be further improved by adjusting

the parameters [92].

4.4 Temperature and Pressure Coupling

In order to keep the system in a desired ensemble, controlling the pressure and the

temperature is required to prevent them from drifting due to various computational

errors or external forces. Temperature control is usually done by coupling the system

to an external heat bath, the temperature of which is set at the desired temperature.

The Berendsen thermostat [94] uses an external heat bath set at temperature T0

and changes the temperature T of the system exponentially towards the temperature

of the heat bath as
dT

dt
=
T0 − T
τT

, (4.20)

in which τT is the time constant used for exponential decay. The time constant
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and the strength of the coupling can be varied depending on the needs of the user,

resulting in an ensemble that is close to either microcanonical or canonical [95]. It

is also very efficient in system equilibration and thus widely used.

An expansion of the Berendsen thermostat, the velocity rescaling method uses

an additional stochastic term to ensure correct kinetic energy distribution in the

system [96]. The stochastic term can be written as

dK = (K0 −K)
dt

τT
+ 2

√
KK0

N

dW
√
τT
, (4.21)

where K is the kinetic energy of the system, K0 the target kinetic energy, N the

number of degrees of freedom, and dW a Wiener noise term. Use of the v-rescale

method produces a correct canonical ensemble with all the advantages of the Berend-

sen thermostat with addition of conservation of energy in the NVT ensemble.

The pressure of the system can be coupled in several ways. The Parrinello–

Rahman barostat [97] forces the box vectors represented by the matrix b to follow

the matrix equation of motion

db2

dt2
= VW−1b′

−1
(P−Pref) , (4.22)

thus controlling the pressure P by changing the volume V of the box. The strength

of the coupling is determined by a matrix parameter W, which forces the system

towards the reference pressure Pref. The matrix parameter W is defined as

(
W−1

)
ij

=
4π2βij
3τ 2
pL

, (4.23)

where βij are the isothermal compressibilities, τp is the pressure time constant, and L

the largest box matrix element. The pressure time constant now refers to the period

of pressure fluctuations at equilibrium and is not equivalent to the time constant

used in the Berendsen barostat or thermostat, thus it should be set at a 4–5 times

greater value. The pressure is presented as a 3 × 3 tensor as the system may not

be isotropic. The Parrinello–Rahman barostat allows the simulation box to change

its size, prevents instantaneous changes in atom positions, and provides realistic

fluctuations in pressure, making it a reliable choice when selecting pressure coupling

methods. It is a barostat which allows accurate calculation of the thermodynamic

properties of the system. For a system with the pressure far from equilibrium, how-

ever, use of the Parrinello–Rahman coupling may result in very large box oscillations

that cause the system to blow up. In such cases, care must be taken when selecting

the time constant.
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4.5 Bond Constraints

The time step in classical molecular dynamics simulations is limited by bond oscilla-

tions with a high frequency and a low amplitude. By replacing the bond vibrations

with constraints that represent the average physical behavior of the bonds, the time

step can be increased by a factor of four [98]. These constraints are algorithms

applied to the Newton’s equations of motion that force both the bonds to stay at

correct lengths and/or the bond angles at correct values after the integration of

forces [98].

A common constraint algorithm is the Linear Constraint Solver algorithm (LINCS),

which resets the bonds to their original lengths after each unconstrained update by

calculating the new constrained positions from both the old positions and the new

unconstrained positions [98]. The algorithm is stable, because the constraints them-

selves are reset instead of their derivatives. It is also three or four times faster

than the SHAKE algorithm, which is another standard approach for molecular dy-

namics [99]. Unlike SHAKE, LINCS is a non-iterative method, which allows for

parallelization of the algorithm over several processors, decreasing CPU time and im-

proving load balance [98]. Both SHAKE and LINCS algorithms are time-reversible,

because they reach convergence by multiple bond rotation corrections and by ad-

ditional matrices in the expansion [98]. The LINCS algorithm works on such a

mechanism that the constraint algorithm is no longer the limiting factor on the time

step, meaning that we can use a time step that is as long as the physical conditions

of the system permit [98].

A fourth of the total computational time in typical systems is spent on constraints

of the solvent liquid [100]. Therefore a faster constraint algorithm called SETTLE

is typically used for the large number of rigid water molecules in each system [100].

The SETTLE algorithm is an analytical solution of SHAKE, three to seven times

faster than RATTLE, an extension of SHAKE [100]. In addition, it is non-iterative

and accurate, but too complicated for larger molecules [100]. Therefore, it is well

suitable for small tri-atomic molecules such as water modelled by three-point SPC

or TIP3P models.

Typically a badly equilibrated system results in problems such as unnatural bond

rotating or stretching in the LINCS or SETTLE algorithms due to large forces

applied on the atoms. Unnatural bond rotating or unsettled water molecules may

in turn cause the system to blow up. These problems can be avoided either by

shortening the time step or by better preparing the system with additional energy

minimization runs or revision of the system structure.
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4.6 Umbrella Sampling

A major challenge in molecular dynamics is the calculation of free energy differences,

which are the driving forces of every chemical process [101]. It is challenging, because

entropy and free energy of a system can not be measured simply as averages of

phase space coordinate functions of the system, but rather as functions related to

the volume in the phase space, that is accessible to the system [102]. These thermal

quantities can not thus be measured directly from the simulation, so an alternate

measurement path must be found [102].

By the basic concepts of thermodynamics, the Helmholtz free energy difference

∆F between the initial and final configurations is equal to the amount of work W

performed to the system if the parameters are changed infinitely slowly along the

reaction path [103]. Usually the parameters are changed at a finite rate, which leads

to the total work being greater than the free energy differences, so that

〈W 〉 ≥ ∆F, (4.24)

where 〈W 〉 denotes the ensemble average of measurements of the total work [103].

The difference between the two variables is the dissipated work, which is associated

with the increase of entropy in an irreversible process [103]. The inequality between

work and the difference in free energy can be replaced by an equality derived by

Jarzynski et al. [103],

〈exp (−βW )〉 = exp [−β∆F ] , (4.25)

where β is the inverse temperature β = 1/(kBT ), in which kB is the Boltzmann’s

constant and T the absolute temperature. This result is independent of both the

reaction path and the rate at which the parameters are changed [103]. Solving the

above equation for free energy gives

∆F = −1/β ln 〈exp (−βW )〉, (4.26)

where the amount of work can be measured from MD simulations allowing the result

to be implemented into calculations of differences in free energy [103].

One method of obtaining the change of free energy along the reaction coordinate

with the help of the result above is to use biased molecular dynamics, so called

umbrella sampling, which is a viable alternative to thermodynamic integration [101,

104]. Umbrella sampling is based on bias potentials wi that drive a system from

one thermodynamic state to another along a reaction coordinate ξ. The reaction

path is divided into a series of windows and an MD simulation is performed at each

window. The change in free energy at each window can be calculated from the

sampled distribution of the system along the reaction coordinate. The windows are
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set to overlap each other sufficiently so that the distributions can be combined to

obtain the total free energy difference.

There are various ways to select the reaction coordinate ξ. It does not necessarily

have to be selected along a certain axis as the reaction path might not be a straight

line. It is also possible to measure the free energy differences of an angle between

two bonds by selecting the angle in question as the reaction coordinate. Similarily,

the reaction coordinate can be, for instance, the length of a bond or the distance

between two atoms. In this thesis, however, the reaction coordinate is selected as

a straight line between a phospholipid and rhodopsin or a straight line across the

bilayer.

The probability distribution of an unbiased ergodic system in a small interval dξ

around ξ can then be written as

P (ξ) =

∫
δ [ξ (r)− ξ] exp [−βE (r)] dNr∫

exp [−βE (r)] dNr
, (4.27)

where P (ξ)dξ can be interpreted as the probability distibution of the system, E

the potential energy, and N the number of degrees of freedom of the system [101].

The free energy along the reaction coordinate can be calculated from the probability

distribution:

A (ξ) = − 1

β
lnP (ξ) , (4.28)

where A(ξ) is also known as the potential of mean force (PMF) [101]. PMF can

therefore be directly obtained from the MD simulations.

Umbrella sampling differs from the aforementioned methods by addition of a

bias potential. These so called umbrella potentials wi(ξ) are usually harmonic and

dependent only on the reaction coordinate, and they are applied to the system

to ensure efficient sampling along the reaction coordinate [101]. Commonly used

umbrella potentials are of type

wi (ξ) =
Ki

2 (ξ − ξCi )
2 , (4.29)

where Ki is a force constant that is used to restrain the system at a predetermined

position ξCi (i = 1, ..., Nw) for Nw umbrella windows [101]. The force constants have

to be chosen carefully to make the umbrella potentials high enough to drive the

system over the potential barrier, but also small enough to create wide enough

distributions [101].

By conducting an MD simulation on a biased ergodic system, a biased distribution

P b
i (ξ) =

∫
exp{−β [E (r) + wi (ξ

′ (r))]}δ [ξ′ (r)− ξ] dNr∫
exp{−β [E (r) + wi (ξ′ (r))]}dNr

(4.30)
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Figure 4.3: The basic idea behind umbrella sampling. The molecule represented by
the cyan circle is pulled along the reaction coordinate ξ. A number of sampling windows
are selected along the coordinate path in a way that sufficient overlap can be seen in the
resulting histograms that show the probability P (ξ) of the molecule being at a certain point
along the reaction path. Independent MD simulations are then conducted within each
sampling window. Sufficient overlap of the sampling windows ensures that the continuous
energy function can be derived from the separate simulations.

can be obtained [101]. Because the umbrella potentials depend only on the reaction

coordinate and the integration is performed over all degrees of freedom except ξ, a

relation between the unbiased system in Eq. 4.27 and the biased system in Eq. 4.30

can be written as

P u
i (ξ) = P b

i (ξ) exp [βwi (ξ)] 〈exp [−βwi (ξ)]〉, (4.31)

where 〈exp [−βwi (ξ)]〉 is the ensemble average of the system trajectories [101,103].

As the biased distributions P b
i can again be obtained from the MD simulations and

the umbrella potentials wi(ξ) are given analytically, the unbiased free energies can

now be calculated from

Ai (ξ) = − 1

β
lnP b

i (ξ)− wi (ξ) + Fi, (4.32)

where Fi = −1/β ln〈exp [−βwi (ξ)]〉 is obtained from Eq. 4.26 and is independent

of the reaction path ξ [101,103].

In order to calculate the global free energy A(ξ), the potentials of mean force first

have to be calculated for every window and then combined to a global PMF. Um-

brella sampling simulations can be analyzed for instance with a weighted histogram

analysis method (WHAM), which aims to minimize the statistical error by calcu-
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lating the unbiased global distribution from a weighted average of the individual

distributions of Nw umbrella windows. The weighted average can be written as

P u (ξ) =
Nw∑
i

pi (ξ)P
u
i (ξ) , (4.33)

where the weights pi are selected to minimize the statistical error of P u(ξ) so that

∂σ2 (P u (ξ))

∂pi
= 0 (4.34)

under the normalizing condition
∑
pi = 1 [101]. The calculations result in

pi =
ai∑
j aj

, ai (ξ) = Ni exp [−βwi (ξ) + βFi] , (4.35)

where Ni is the number of steps calculated for window i and Fi for each window can

be obtained from

exp (−βFi) =

∫
P u (ξ) exp [−βwi (ξ)] dξ, (4.36)

where P u(ξ) is the global unbiased distribution [101, 103]. After iterating these

equations to solve the two unknowns P u(ξ) and Fi, the free energy for the whole

reaction path can be calculated from Eq. 4.28.

Since umbrella sampling is used to measure the PMF of the molecule in question

and PMF describes the probability of the molecule being in a particular position

along the reaction coordinate, it can be used for instance to measure the energetically

favorable positions of a protein on a membrane bilayer by pulling the protein along a

coordinate ξ on the surface of the layer. In this thesis, umbrella sampling is used to

measure the free energy requirements for a phospholipid to enter the interior of the

putative phospholipid flippase, and subsequently the free energy requirements for the

lipid to translocate to the other leaflet with the help of rhodopsin. By measuring the

free energy curve, the possible flipping path for the phospholipids can be deduced.

4.6.1 Weighted Histogram Analysis

A standard technique for computing potentials of mean force is the weighted his-

togram analysis method (WHAM) first introduced by Kumar et al. [105]. Hub et

al. implemented a tool for GROMACS called g_wham [106], which iteratively calcu-

lates the potentials of mean force for a number of umbrella windows and combines

them to form the global free energy of the system. In addition to the global free

energy, g_wham also estimates the statistical errors using bootstrap analysis. The
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two equations iterated by WHAM are obtained from Eq. 4.33 and Eq. 4.36 and

they read

P u (ξ) =

∑Nw

i g−1
i hi (ξ)∑Nw

j njg
−1
j exp [−β (wi (ξ)− Fj)]

(4.37)

and

exp (−βFi) =

∫
P u (ξ) exp [−βwi (ξ)] dξ, (4.38)

where nj is the total number of data points in the histogram hi [106]. The statistical

inefficiency gi is defined by gi = 1 + 2τi, in which τi is the integrated autocorrelation

time of the umbrella window i [106]. The two unknown qualities that are solved are

the free energy constants Fj and the unbiased distribution P u (ξ) [106]. The number

of iterations required for convergence depend on the number of histograms and the

height of the PMF barriers and are typically in the order of tens to thousands [106].

The bootstrapping method is based on hypothetical observations that are ob-

tained from probability distributions of the umbrella histograms. A number of

bootstrapped trajectories are created for each umbrella window, which again yield

new histograms for that umbrella window. WHAM can then be applied to the boot-

strapped histograms in order to compute a bootstrapped PMF Wb (ξ). By repeating

this process for each bootstrapped trajectory, a large number of Nb bootstrapped

PMFs Wb,k (ξ) (k = 1, ..., Nb) can be obtained, and by calculating the standard de-

viation of these bootstrapped PMFs via

σPMF =

[
(Nb − 1)−1

Nb∑
k=1

(Wb,k (ξ)− 〈Wb (ξ)〉)2

]1/2

, (4.39)

the uncertainty of the original PMF can be calculated and used as an error estimate

[106]. The term 〈Wb (ξ)〉 = N−1
b

∑Nb

i=kWb,k (ξ) denotes the average value of the

bootstrapped PMFs at position ξ [106]. The error estimates can be considered

accurate if the umbrella histograms have converged sufficiently.

By simulating each umbrella window multiple times from independent initial con-

ditions, hypothetical trajectories need not be used, and several complete histograms

can be bootstrapped resulting in a more accurate error estimate in cases of long

autocorrelation times [106]. Usually bootstrapping of hypothetical trajectories gives

a reliable enough error estimate and there is no need to carry out additional inde-

pendent simulations [106].
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5. MOLECULAR DYNAMICS SIMULATIONS OF

RHODOPSIN IN A LIPID BILAYER

Before performing any simulations, a molecular model of the system first has to be

built. The topologies of the protein and the phospholipids have to be constructed and

their parameters matched with the selected force field. This part usually includes

some trial and error as ready parameters for uncommon molecules may originally

exist for a different force field. The built bilayer structure then has to be properly

hydrated and equilibrated before performing any simulations. Selection of a correct

ensemble and proper coupling-methods for temperature and pressure is also critical

for realistic results.

The properties of the simulated system is explained in this chapter and the em-

ployed simulation parameters and methods are given in detail so that the simulations

can be reproduced later. The steered MD methods used for lipid pulling are also

explained along with the ideas behind them.

5.1 The System

The simulated system consisted of a lipid bilayer with a mixed lipid composition and

the rhodopsin protein. This membrane was surrounded by a large number of water

molecules in approximately a (10 nm)3 sized box with periodic boundary conditions.

The size of the system was chosen such that the protein did not interact with itself.

The system was constructed by adding a total of 196 POPC molecules, 98 SSM

molecules and 98 cholesterol molecules evenly in the two leaflets. The bilayer struc-

ture was then hydrated with a total of 28427 water molecules and properly equi-

librated using energy minimization algorithms. Afterwards, the modified crystal

structure of rhodopsin was added into the centre of the system and the overlapping

lipids were removed. The resulting lipid composition included 162 POPC molecules,

81 SSM molecules and 92 cholesterol molecules with a total of 27559 water molecules

in the solute. The salt concentration was set to a physiological level of 150 mmol/l by

addition of 75 NaCl molecules to the solute along with three additional Na+-ions to

counter the charge imbalance created by rhodopsin. The system was again energy-

minimized with the steepest descents method in order to remove all nonphysical

interactions left from the addition of rhodopsin.

Our model of rhodopsin was constructed using the model of bovine rhodopsin by
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Okada et al. [66], which was downloaded from the PDB database under the identifier

1U19. The downloaded crystal structure included two rhodopsin molecules and was

constructed for the united-atom model. The second rhodopsin molecule was removed

from the model in order to simplify the system as much as possible. The model was

also converted to an all-atom representation for higher accuracy. This was done by

adding the hydrogen atoms to their proper places with the GROMACS tool pdb2gmx.

The topology of the retinal molecule of rhodopsin was constructed from scratch

and built to have a 11-cis conformation. RESP ESP charge Derive (R.E.D.) [107],

which is a software for quantum mechanically calculating charge values for molecular

fragments, was used to obtain the partial charges of the atoms in the retinal molecule.

The newly constructed retinal was then added to the lysine residue 296 of rhodopsin

through a Schiff-base-linkage to induce correct folding of the protein as mentioned for

instance in Ref. [3]. The force field parameters for the Schiff-base were approximated

from parameters of an imine functional group obtained from an article by Moyna et

al. [108] and converted to the OPLS-AA format.

Two palmitoyl chains were also added to the rhodopsin at cysteine residues 322

and 323. The topologies of the palmitoyl chains were taken from the topology of

POPC. The palmitoyl chains were connected to the sulfhydryl groups of the cys-

teine residues through thioester linkages and are believed to act as anchors between

rhodopsin and the bilayer. Some connection between the palmitoyl chain anchors

and scrambling activity has also been found in hPLSCR1, which might be beneficial

for our study [21]. The force field parameters for the thioester linkage were obtained

from an article by Nagy et al. [109] and converted to the OPLS-AA format.

A bilayer without rhodopsin was also constructed for comparing the free energy

of flip–flop in a pure bilayer to the free energy of the rhodopsin-mediated flip–flop

process. For quicker simulations, the pure bilayer was smaller in size, but had a

similar lipid composition consisting of 64 POPC molecules, 32 SSM molecules and

32 cholesterol molecules hydrated with a total of 3868 water molecules. The salt

concentration was set to a physiological level by addition of 10 NaCl molecules.

The box size was approximately 6 × 6 × 7 nm3. The system was equilibrated for

approximately 20 ns before any umbrella sampling simulations were conducted.

5.2 Simulation Parameters

The structure of the mixed bilayer with rhodopsin embedded in it was energy-

minimized in order to equilibrate the system. Afterwards the system was simulated

for approximately a total of 200 ns in order to see how the composition of the bi-

layer affects the conformation and the crystal structure of rhodopsin. The retinal

chromophore was added to the system and some adjustments to its parameters were

made at the early stages of the 200 ns simulation.
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All molecular dynamics simulations were performed with the GROMACS software

package 4.5.5 [85, 86]. The energy minimization runs were mainly performed using

the steepest descent algorithm with LINCS constraints on all bonds. The conjugate

gradient algorithm was used to balance the system with the newly added retinal

for a better equilibration. All MD simulations were conducted with the leap-frog

algorithm for integrating Newton’s equations of motion. The time steps used in all

simulations were 2 fs with the exception of 1 fs time steps during equilibration of

some imbalanced systems.

The system was simulated in the NPT ensemble. The temperature of the system

was coupled using the v-rescale method with separate heat baths for the membrane

lipids, the protein, and for the solute. The reference temperatures were set at

the normal human body temperature of 310.0 K with time constants of 0.1 ps.

The pressure of the system was coupled using the semi-isotropic Parrinello–Rahman

barostat. The pressures in the direction of the plane of the membrane were coupled

separately with its normal vector using a reference pressure of 1 bar. The time

constants for pressure coupling were set at 0.5 ps and the compressibilities at 4.5 ×
10−5 bar−1.

The cut-off radii for the non-bonded interactions were set at 1.0 nm, beyond

which the Particle-Mesh Ewald electrostatics were used. The same cut-off radius

was also used for the neighbour list and the Lennard-Jones interactions. Bonds

were constrained using the LINCS algorithm with the exception of water molecules,

which were constrained using the faster SETTLE algorithm. Water molecules were

modelled using the accurate three-point model (TIP3P) discussed for instance in

Ref. [110].

Steered MD simulations were used to move the phospholipids. These lipid pulling

simulations were conducted by applying a force to the lipid headgroup, which moved

the lipid either towards a certain molecule or in a certain direction at a constant rate.

Several lipids around the protein were selected for pulling. In the first part of the

simulations, the lipid headgroup was selected as the first pull group and rhodopsin

as the second pull group. The first pull group was then pulled towards the center

of mass of the second group on the membrane plane (xy-plane). The second part

of the simulations consisted of pulling the phospholipid located next to, or within,

rhodopsin through the membrane along the membrane normal direction (z-axis). In

these cases only one pull group was used. The applied force constant for pulling was

1000 kJ
mol×nm2 in all parts of the simulations. The pull rates varied from 0.3 nm/ns

to 1.0 nm/ns. For the system with the pure bilayer, the steered MD simulations

only consisted of pulling a phospholipid through the membrane along the z-axis by

its headgroup. The steered MD mechanics that were used are further explained in

the results section.
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6. RESULTS AND DISCUSSION

In this chapter the results obtained in this thesis are shown and discussed. The main

purpose of this thesis was to study phospholipid flip–flop in the presence of rhodopsin

using molecular dynamics simulations. The aims were to establish the main flipping

mechanics of rhodopsin and to calculate the free energy curve of rhodopsin-mediated

flip–flop of POPC. The obtained results would then be used to confirm the hypothesis

that rhodopsin is a phospholipid flippase, or possibly even a scramblase. The free

energy curves presented were obtained by umbrella sampling and the statistical error

estimates by weighted histogram analysis, using the GROMACS tool g_wham.

The first part of the results are obtained by pulling the phospholipid towards the

center of rhodopsin with a goal in mind to see how close to the center the phos-

pholipid can naturally travel. This information was then used to deduce the most

likely flipping route for phospholipids. The six investigated routes are compared by

examining the pulling forces required to move the phospholipid close to the pro-

tein center. One of the routes is chosen as an example and umbrella sampling is

conducted to obtain the free energy differences along it.

In the second part of the results, a POPC molecule is pulled through a protein-

free bilayer in order to establish the free energy difference between the bilayer center

and the equilibrium position of phospholipids. The data was gathered to act as a

comparison for rhodopsin-mediated flip–flop.

The third part of the results are obtained by examining the most likely route for

lipid translocation and by pulling the phospholipid through the membrane along that

specific route. The energy barrier of the translocation route in question is obtained

by umbrella sampling. Whether phospholipid flip–flop along the route in question

can occur by thermal fluctuations alone or with the help of external energy sources

such as ATP is also discussed. The results are compared to previous experimental

studies and mathematical approximations are also made to complement the results.

The fourth part of the results is used to determine whether the simulated system

is stable. The stability is examined by calculating the root mean square fluctuations

of the protein backbone and the root mean square deviations of all amino acid

residues of rhodopsin. The data is also used to analyze whether any specific changes

in rhodopsin structure could help in the lipid translocation process.
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Figure 6.1: Rhodopsin from above. The six arrows show the pulling routes used for
the six separate POPC molecules. All phospholipids were pulled from their headgroup
towards the center of mass of rhodopsin in the xy-plane. The most promising route is
shown by the red arrow on the left side.

6.1 The Flipping Routes of Rhodopsin

The seven transmembrane alpha-helices of rhodopsin form a total of six distinct gaps

between each neighbouring helices. The most likely routes the phospholipids would

take while flipping across the membrane are thought to be somehow linked to these

gaps. In order to further examine the flipping routes, steered MD simulations were

conducted on six separate POPC molecules, which were pulled one at a time towards

the center of rhodopsin in order to determine the energetically most favorable route.

A diagram of this process is shown in Fig. 6.1.

The pulling simulations were conducted using two different pull rates. The faster

pull rate was set at 1.0 nm/ns and the slower pull rate at 0.3 nm/ns. The pull

forces acting on the phospholipid headgroup during both pulls were compared to

see whether the pulling rate has any notable effect on the route of the phospholipid.

The pulling forces for all six pulling routes are shown in Fig. 6.2.

The first lipid was the only one to enter the protein interior through a gap between

two alpha-helices. The pulling force increases quite rapidly though due to repulsive
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Figure 6.2: Pulling force acting on phospholipid headgroups during the six pulls towards
rhodopsin center. The lipid numbering corresponds to the numbering in Fig. 6.1. The red
curve corresponds to a pull rate of 1 nm/ns and the blue curve to a pull rate of 0.3 nm/ns.
The time scale of the faster pull has been scaled by a factor of 10/3 for easier comparison
with the slower pull rate.
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interactions with two protein loop structures, where the jumps in the pulling force

correspond to them. The second lipid shows a smooth trajectory with the slower pull

rate, but the lipid reaches the protein center from above with the only remaining way

across the membrane through the protein channel. The third lipid interacts quite

strongly with the protein loop before entering the transmembrane channel from

above. The jump in the pulling force corresponds to the moment the phospholipid

is freed from its interaction with the loop. The fourth and fifth lipids also enter

the protein interior from above rather than either of the two possible gaps in the

nearby alpha-helices. The sixth lipid had to pass a loop structure in order to reach

the protein center resulting in a constantly increasing pulling force.

No notable differences between the two pulling rates are seen in the graphs. The

slower pull rate results in a much smoother path as expected, but in both cases,

some pulling force was required to move the lipid instead of finding a process, where

it would have traveled along a downhill path. The routes taken by the phospholipid

were the same in both cases.

By examining the trajectories of the six POPC molecules and the graphs showing

the applied pulling forces on each molecule, some of the routes were dismissed as

highly unlikely due to odd trajectories or unnaturally high forces. The remaining

routes showed many similarities and the trajectory leading to the widest gap was

chosen as an example route. The selection was done as the pulling trajectory looked

the most promising as the route was the only one where the phospholipid was pulled

into the rhodopsin interior along a direct path and not through the water phase.

Low pulling force thus did not necessarily indicate a viable route. The resulting

trajectories indicate that the headgroup entering the transmembrane channel with

the tails remaining in the membrane interior is highly unlikely.

Umbrella sampling was then conducted on the selected route with a total of 30

umbrella windows picked at 0.1 nm intervals from the original location of the POPC

molecule to the center of rhodopsin. The umbrella windows were simulated for a

total of 40 ns of which the first 20 ns were used for equilibration and discarded

from the free energy calculations. The phospholipid was constrained to the middle

of the umbrella window by a harmonic umbrella potential with a force constant of

1000 kJ
mol×nm2 in both cases. The constraints were only applied along the reaction

coordinate and the lipid was free to move in the other directions. The obtained free

energy graph with its statistical error estimates obtained by g_wham is shown in Fig.

6.3. The red circle in the figure shows the estimated radius of rhodopsin, and the

blue line the path along which the lipid was pulled to the rhodopsin interior.

The free energy curve becomes the steeper the closer to rhodopsin the POPC

molecule gets, and no local minima can be seen at least on the pulling route

in question. This is supported by MD simulations, which showed that a POPC
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Figure 6.3: Free energy of POPC movement towards rhodopsin. The data was gathered
from 30 umbrella windows along the route highlighted in Fig 6.1. and indicated by the
blue line. The reaction coordinate ξ defines the distance from the center of rhodopsin.

molecule that was pulled close to the rhodopsin centre spontaneously traveled back

to the bilayer–water interface once the restraints on it were removed. The radius

of rhodopsin can be estimated to be about 1.5 nm, below which the required free

energy increases at such a pace that it is very unlikely for the lipid to naturally reach

the center of rhodopsin. The cut-off radius for long range interactions has been set

at 1 nm, which can be seen from the relatively flat free energy profile at distances

above 2 nm.

From the free energy graph it can be deduced that the flipping path of phospho-

lipids most likely lies either on the surface of the protein or with the head group

in the transmembrane channel. This is supported by MD simulations conducted on

rhodopsin in our model membrane in which phospholipids were frequently found on
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the surface of rhodopsin at a distance of about 1.5 nm from the center, but never

in its interior. However, pulling simulations indicated that it is very difficult for the

lipid headgroup to stay in the transmembrane channel. When the phospholipid was

pulled through the membrane with pulling force centered on the lipid headgroup, the

lipid either dived completely into the transmembrane channel or disengaged from

the protein and remained on the surface. These simulation results were then used

in determining subsequent directions taken in the thesis.

Despite the steep change of free energy close to the protein, the trajectories

showed that phospholipids frequently visited the surface of rhodopsin during the

course of the 200 ns simulation. The lateral diffusion of lipids occurs on a rapid

scale and the average lipid can diffuse the length of a large cell (2 µm) in about one

second [1]. Thus it is reasonable to expect that lipids can often be found on the

surface of rhodopsin despite the 20–30 kJ/mol difference in free energy.

6.2 Free Energy of POPC Flip–flop in a Pure Bilayer

For comparison with the rhodopsin-mediated flip–flop process, a POPC molecule was

pulled through a protein-free bilayer in order to obtain the free energy difference

between the membrane center and a lipid leaflet. The pulling simulations were

conducted by steered MD applied on the lipid headgroup along the z-axis. The

POPC molecule was pulled through the bilayer at a pull rate of 0.5 nm/ns.

Umbrella sampling with a total of 21 umbrella windows at 0.2 nm intervals were

used in obtaining the free energy curve. The umbrella windows were equilibrated

for 10 ns before conducting a 15 ns simulation from which the data was obtained.

The phospholipid was constrained in the middle of the window by a harmonic um-

brella potential using force constants of 2000 kJ
mol×nm2 for the equilibration period

and 750 kJ
mol×nm2 for rest of the simulation. The constraints on the lipid were only

applied along the reaction coordinate. Because the two leaflets had the same lipid

composition, it was assumed that the free energy curve is symmetric respective to

the bilayer center and thus the free energy profile was mirrored at the middle. The

obtained free energy curve and the statistical error estimates obtained by g_wham

can be seen in Fig. 6.4.

The free energy profile looks similar to the ones obtained for pure bilayers with

different compositions in previous studies [34, 35]. The PMF increases steeply as

the phospholipid enters the membrane interior until a peak is reached in the middle

of the membrane. The PMF also increases as the phospholipid is pulled towards

the water phase although this is not shown in the figure. The height of the energy

barrier for a protein-free bilayer seems to be at around 130 kJ/mol, which is high

enough to induce a low intrinsic flip–flop rate.
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Figure 6.4: Free energy of phospholipid flip–flop in a protein-free membrane illustrated
in the figure above the free energy graph. The reaction coordinate ξ defines the distance
from the center of the membrane.

6.3 Free Energy of Rhodopsin-mediated Flip–flop

The main goal of this thesis was to determine the free energy of protein-mediated

phospholipid translocation through which the flip–flop enhancing nature of rhodopsin

can be deduced. The free energy calculations were conducted using umbrella sam-

pling, which has been shown to be effective in previous studies [34, 35, 111] in re-

searching lipid flip–flop in protein-free bilayers.

The results shown in the previous section indicated that the most likely flipping

path is either along the surface of the protein or with the lipid completely enclosed

by the protein. Trial simulations were conducted on both cases using short umbrella

sampling windows. The path through the transmembrane channel showed an un-

naturally high difference (of the order of hundreds of kJ/mol) in free energy after

short (of the order of 10 ns) umbrella sampling simulations and was thus discarded.

It is, however, entirely possible that the equilibration times with the lipid inside the
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transmembrane channel should be of the order of hundreds of nanoseconds in which

case large amounts of resources would be required to obtain reliable data. Such

resources for further analysis were not currently available for us and thus the route

along the protein surface was chosen for further study.

The free energy graph had a tendency to be uphill towards whichever direction

the lipid was previously pulled, likely due to residue forces from the pulling or

insufficient equilibration times. Therefore, in order to obtain more reliable data, the

pulling was conducted towards both directions from several properly equilibrated

umbrella windows along the original pulling path. Subsequent umbrella windows

were then chosen in turn from these pulls in opposite directions with the idea of two

neighboring windows canceling the residue forces of each other.

A total of 33 umbrella windows were used to obtain the free energy curve. These

windows were chosen in a way that they were more densely packed in the middle of

the membrane, where the changes in free energy are likely to be more sudden. The

sparse sections also had sufficient overlap of umbrella windows. Each umbrella win-

dow was first equilibrated for 20 ns to allow the lipid to stabilize its position around

the desired spot and to discard the effects that the changes in protein conformation

might have on the free energy differences. After the equilibration period, a 20 ns

simulation run was conducted from which the free energy curve was obtained. The

force constant used for constraining the phospholipid in the middle of the membrane

was set to 4000 kJ
mol×nm2 during the equilibration period and to 1000 kJ

mol×nm2 dur-

ing the simulation run. The constraints on the lipid were only applied along the

reaction coordinate. The results of the free energy difference measurements and the

statistical error obtained from g_wham are shown in Fig. 6.5 along with a figure of

rhodopsin showing the surface along which the phospholipid traveled.

The observed flip–flop process occurs along the surface of rhodopsin along the

route shown in Fig. 6.5. The corresponding lipid would thus be lipid number 5 in

Fig 6.1. The selection was done due to high hydrophobicities of the nearby alpha-

helices. The phospholipid is pulled into the membrane interior with tails first, and

after a while it reorients itself in a way that its headgroup faces the rhodopsin while

the tails float freely in the membrane interior. Finally the phospholipid enters the

other leaflet, with its headgroup standing up. Minor interactions can be observed

between the phospholipid tails and rhodopsin during the flipping process, causing

the phospholipid tails to occasionally point towards the protein. Selected frames of

the protein-mediated flip–flop process are shown in Fig. 3.2.

The polar headgroup faces a free energy barrier upon entering the membrane

interior. The maximum of the barrier corresponds to the part of the flip–flop process

where the phospholipid headgroup turns to face the other leaflet. The lipid then

prefers to enter the second leaflet as can be seen from the free energy curve.
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Figure 6.5: Free energy of phospholipid flip–flop along the surface of rhodopsin. The
flipping route is indicated by the blue line above the figure of rhodopsin. The reaction
coordinate ξ defines the distance from the center of the membrane along the z-axis.

The free energy barrier seems to be a little different for the two leaflets. Translo-

cation from the cytosolic side of the membrane to the extracellular side seems to

be more favorable for POPC than translocation in the opposite direction. This is

likely due to the asymmetrical structure of rhodopsin, which might favor the out-

ward flip–flop process. Some of the energy difference between the two water phases

might also be due to some error in the simulation process.

The free energy curve has a peak near the middle of the membrane at around

45–60 kJ/mol (17–23 kBT at 310 K temperature). Thermal fluctuations are of the

order of several kBT and thus are not enough to induce rhodopsin-mediated flip–flop

alone. Since the amount of energy obtained from a single ATP molecule is 20 kBT ,

or 51.5 kJ/mol at 310 K temperature, the energy obtained from ATP coupled with

thermal fluctuations is enough to push the phospholipid over the free energy barrier

and from one leaflet into the other. Comparison with the result obtained for the

pure bilayer in section 6.2 shows that the free energy barrier is lowered by over a half
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due to the presence of rhodopsin, indicating that rhodopsin acts as a phospholipid

flippase.

The height of the energy barrier can also be approximated mathematically by

comparing the experimentally measured flip–flop times of a pure bilayer and a bi-

layer containing opsin. Tieleman et al. measured the free energy difference for a pure

bilayer at around 80 kJ/mol using umbrella sampling and estimated the respective

flip–flop times to be at around 105 seconds [34]. Respectively Menon et al. experi-

mentally measured an upper bound of about 10 seconds for opsin-mediated flip–flop

times [3]. A relation between the flip–flop rates k and the free energy barrier can be

found from the Arrhenius equation

k = A exp

(
−∆G

RT

)
, (6.1)

where A is the prefactor specific for a process, measured by the number of collisions

leading to the process, and ∆G can be considered as the height of the free energy

barrier [112].

Since the flip–flop rates are inversely proportional to the flip–flop times, we can

compare the two Arrhenius equations for opsin-mediated flip–flop and flip–flop in a

pure bilayer. By inserting the estimated flip–flop times, the free energy barrier for

the pure bilayer measured by Tieleman et al., and the value of RT at the human

body temperature of 310 K into Eq. 6.1, and by cancelling out the reaction specific

prefactors, we get
10s

105s
= exp

(
−80kJ/mol + ∆Gopsin

2.577kJ/mol

)
. (6.2)

Solving the equation gives us ∆Gopsin ≈ 56 kJ/mol, which is a very crude approx-

imation for the height of the energy barrier, but one that is very close to the values

we obtained from umbrella sampling. However, the assumption that the prefactors

for the two reactions are equal, is not quite correct. The lipid has to be located next

to the rhodopsin surface in order for the rhodopsin-mediated reaction to occur mak-

ing the respective prefactor smaller. A small difference in the prefactors, however,

does not result in a high difference for ∆G, since a logarithm is taken from their

ratio. The obtained energy from the calculation should thus be considered an upper

limit for the height of the free energy barrier, but one that is very close to the real

value.

The obtained results indicate that rhodopsin is a phospholipid flippase as it sig-

nificantly lowers the free energy barrier of the membrane. The results from molecu-

lar dynamics simulations are backed up by the mathematical approximations. The

examined flipping route was only one of many possible routes and thus additional in-

formation about the flipping process might be found by examining the other routes.
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Also, small deviations in lipid positioning along the reaction path were observed to

result in large differences in the free energy profile, which indicates that the translo-

cation path with the lowest free energy difference can be extremely difficult to find.

Thus, finding the flipping route with the lowest free energy profile requires extreme

precision.

6.4 The Stability of the System

When simulating a system, an important question to be resolved is whether the

system in hand is stable and thus realistic. The stability of the system can be

resolved by analysing the deviation of the protein backbone and the root mean square

fluctuations of the atoms in the protein. This was done using the GROMACS tools

g_rms and g_rmsf, which calculate the root mean square (RMS) of protein backbone

deviation and the root mean square fluctuation (RMSF) of protein residues during

the course of the MD simulation. RMSD can thus be used to measure the amount of

structural changes in the protein and RMSF to measure the amount of fluctuations

in the positions of the amino acid residues. RMSD and RMSF of the protein were

obtained from the first 200 ns of stabilizing simulations of the mixed composition

bilayer with rhodopsin embedded in it.

The root mean square deviation is simply calculated as the deviation between the

position of the particle ri (t) and a reference position rref
i at each time step by the

equation

RMSD (t) =

√√√√ 1

M

N∑
i=1

mi‖ri (t)− rref
i ‖2, (6.3)

where M is the total mass of the protein, mi the mass of the particle i, and N the to-

tal number of atoms in the protein [113]. The reference positions are typically taken

from the starting structure of the protein as deviation from the original structure is

usually desired.

As can be seen from the RMSD curve in Fig. 6.6, the original crystal structure of

rhodopsin immediately begins to change once entered into the bilayer. The original

crystal was grown by vapor diffusion using the hanging drop method at 283 K

temperature and flash-frozen in liquid nitrogen to preserve the structure for x-ray

diffraction [66]. Thus some amount of deviation from the original crystal structure is

expected once the protein is entered into a bilayer system. The backbone deviation

stabilizes quite rapidly and the protein structure can be considered stable by the

end of the equilibration simulation. The leveling of the RMSD curve indicates that

the used system is stable and the used protein and force field parameters correct.

Incorrect parameters would likely have resulted in protein unfolding, which would

clearly be seen in the RMSD curve.
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The root mean square fluctuation of each residue is calculated as the deviation

between the (center of mass) position of the residue ri (tj) and a reference position

rref
i over a certain time t [87]. RMSF can be calculated via the equation

RMSFi =

√√√√1

t

t∑
tj=1

(
ri (tj)− rref

i

)2
, (6.4)

where i corresponds to the the residue in question. The reference position is typically

selected as the time-averaged position of the same particle.

The RMSF curve in Fig. 6.7 shows considerable fluctuations in certain amino

acid residues. The residues in question are the loops located outside the bilayer,

which are in direct contact with the water phase. Residue fluctuation occurs due to

thermal movement of atoms, which is naturally higher in the water phase. In such

cases, where flimsy loops are in contact with the water phase, substantial residue

fluctuation is expected. No notable fluctuation can, however, be observed on the

residues located inside the bilayer, which indicates that the retinal chromophore

added to Lys296 had reasonable parameters and did not induce changes in the nearby

residues. The lack of fluctuation could also indicate that no such conformational

changes that could facilitate ATP-independent flip–flop occurred by the addition

of the retinal. The observations by Menon et al. also indicated that the flippase

activity of opsin does not require the 11-cis-retinal [3].
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Figure 6.6: Root mean square deviation of rhodopsin backbone. The data was collected
from approximately 200 ns of MD simulations of rhodopsin in the mixed composition
bilayer. The deviation stabilizes around the middle of the simulation after which the
system can be considered well-equilibrated.
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Figure 6.7: Root mean square fluctuation of the amino acid residues of rhodopsin. The
data was collected from approximately 200 ns of MD simulations of rhodopsin in the mixed
composition bilayer. All residues showing considerable fluctuations are loop structures in
contact with the water phase where such behavior is expected.
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7. CONCLUSIONS

The aim of this thesis was to study transbilayer lipid motion (flip–flop) facilitated by

a transmembrane flippase protein with the use of molecular dynamics simulations.

The MD simulations performed in this thesis were the first that investigated the

free energy differences of lipid translocation in the presence of a suggested flippase

protein. Previous MD simulations that utilise umbrella sampling to obtain free

energy differences for phospholipid movement include lipid translocation in a protein-

free membrane with various compositions, and lipid translocation in the presence of

a transmembrane peptide chain.

The free energy graphs for phospholipid movement towards the protein and across

the membrane were obtained by the use of umbrella sampling. The system was

equilibrated for a total of 200 ns before further simulations were conducted. The

RMSD graph of protein backbone indicated that the used force fields and parameters

of the constructed system were appropriate. Each umbrella window was equilibrated

for an additional 20 ns in order to stabilize the lipid position on the protein surface

after which the umbrella sampling data was obtained from 20 ns simulation runs.

The investigated flipping route was selected to be on the surface of the protein

after various unsuccessful steered MD attempts to hold the lipid headgroup in the

transmembrane channel of rhodopsin while pulling the phospholipid across the mem-

brane. The route in which the whole phospholipid is located in the transmembrane

channel was discarded due to its long equilibration time requirement.

The results showed a free energy barrier of about 45–60 kJ/mol for the rhodopsin-

mediated flip–flop process, which is considerably lower than the 130 kJ/mol barrier

observed for a protein-free membrane. The results thus confirm the flippase proper-

ties of rhodopsin as a phospholipid translocator across the membrane. No significant

conformational changes were observed in the rhodopsin structure before the flipping

process.

Further studies could be focused on the two translocation routes disregarded in

this thesis, as further proof of the scramblase activity of rhodopsin might be found

there. The conserved waters found in the transmembrane channel of rhodopsin could

prove to be a favorable translocation route for the hydrophilic PC headgroup, but

large amounts of computational resources will probably be needed to sufficiently

equilibrate each umbrella window with the lipid in the transmembrane channel.
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In addition, the potential role of Ca2+-ions in the flipping process could be investi-

gated. A high concentration of Ca2+-ions in the cytosol could induce conformational

changes in the rhodopsin structure near a calcium-binding site. This in turn might

open up a suitable route for flip–flop with a low free energy barrier.

This thesis shows that umbrella sampling is a viable way to measure free en-

ergy differences for phospholipid translocation in the presence of a transmembrane

protein. It is also shown that steered molecular dynamics simulations are an effi-

cient way to examine the possible flipping routes of phospholipids and the flippase

mechanisms of transmembrane proteins. Molecular dynamics could thus be used to

identify new flippase proteins once educated guesses of their identities have been

made. All in all, this thesis shows that the use of molecular dynamics works effi-

ciently on the topic at hand making it an excellent method of further pursuing the

flip–flop phenomenon.
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[101] Kästner, J., Umbrella sampling. Wiley Interdisciplinary Reviews: Computa-

tional Molecular Science, 1(6): 932–942, 2011.



BIBLIOGRAPHY 72

[102] Frenkel, D. and Smit, B., Understanding molecular simulation: from algo-

rithms to applications. Academic Press, Orlando, USA, 2002.

[103] Jarzynski, C., Nonequilibrium equality for free energy differences. Physical

Review Letters, 78(14): 2690–2693, 1997.

[104] Lemkul, J., GROMACS tutorials: umbrella sampling. Available

at http://www.bevanlab.biochem.vt.edu/Pages/Personal/justin/gmx-

tutorials/. Accessed on October 17, 2012.

[105] Kumar, S., Rosenberg, J., Bouzida, D., Swendsen, R., and Koll-

man, P., The weighted histogram analysis method for free-energy calculations

on biomolecules. I. The method. Journal of Computational Chemistry, 13(8):

1011–1021, 2004.

[106] Hub, J., De Groot, B., and van Der Spoel, D., g wham – a free weighted

histogram analysis implementation including robust error and autocorrelation

estimates. Journal of Chemical Theory and Computation, 6(12): 3713–3720,

2010.
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