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Résumé

La recherche concernant les processus de la modulation de la courbure membranaire est un fascinant

domaine en émergence. Récemment, plusieurs domaines de liaison aux lipides ont été identifiés impliqués

dans la génération et reconnaissance de la courbure membranaire. La plupart des études intéressés à

ces phénomènes ont été amenés principalement à comprendre la génération de courbure et donc la

recherche sur sa reconnaissance a été moins étudiée. Cependant, ce deux processus sont étroitement

liés. Des motifs structuraux largement impliqués dans les processus de modulation de la courbure

membranaire sont les hélices amphipathiques. Parmi eux, un senseur de la courbure exhibant des

propriétés particulières a été identifiée récemment et il a été appelé ALPS (ArfGAP1 Amphipathic lipid

packing sensor). Ce motif se plie en hélice au contact avec les membranes positivement courbées, sa

face polaire est riche en serines/threonines et sa face hydrophobe contient plusieurs résidus aromatiques.

Il a été montré que son interaction avec la membrane était indépendante des charges électrostatiques et

en conséquence, un rôle prépondérant a été attribué aux résidus hydrophobes. En effet, le modèle actuel

suggère que ces résidus hydrophobes soient les responsables de l’ancrage d’ALPS à la membrane en

reconnaissant les défauts d’empaquetage lipidique. Nous avons réalisé des simulations par dynamique

moléculaire du motif ALPS et une de ces mutants, qui expérimentalement compromet la reconnaissance

de la courbure membranaire, liés à l’interface solvant/lipides des membranes de composition simple et

mixte. Nous montrons que les particularités dans la séquence d’ALPS, exhibant un motif répétitif Bulky-

small&polar-Bulky, lui permet de (1) avoir une considérable liberté conformationnelle et structurelle, (2)

les serines /threonines participent dans des interactions hydrogènes importantes pour la reconnaissance

de défauts d’empaquetage aux niveaux des têtes polaires et (3) les résidus aromatiques hydrophobes

lui permettent d’explorer les défauts d’empaquetage au niveau des chaînes aliphatiques. Également,

nous montrons que la déformabilité et flexibilité d’ALPS dépendent du contexte membranaire et donc

des défauts d’empaquetage lipidique intrinsèques à la membrane. Finallement, nous proposons des

nouvelles perspectives au niveau atomique de la reconnaissance des défauts d’empaquetage lipidique

par ALPS où la déformabilité et flexibilité structurale ainis que les propriétés dynamiques et physiques

de la membrane jouent un rôle prépondérant.
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Abstract

The research about membrane-shape related processes is a new fascinating field. Recently an increasing

number of lipid-binding domains that sculpt or sense the shape of the membrane have been identified.

Most of the studies about membrane-shape have been focus on the generation of the curvature and

less attention has been put on the mechanism of curvature sensing. Thus, this fascinating subject

remains less understood. Recently, a general motif for sensing membrane curvature was proposed

based on the properties of ALPS (ArfGAP1 Amphiphatic Lipid packing Sensor). This motif folds in an

amphipathic α-helix once bound to the interface of membranes, has a populated serine/threonine polar

face and hydrophobic aromatic residues rich hydrophobic face. Its membrane interaction depends on

the recognition of defects in lipid packing and not in electrostatic charges. We performed molecular

dynamics simulations of the amphipathic helical peptide ALPS, and a triple-mutant that experimentally

compromises the sensitivity of ALPS to the membrane curvature. Both peptides were embedded at

the water/lipid interface of explicit simple and mixed phosphatidylcholine membranes and simulations

over 300 ns were run. In this thesis, we propose a novel atomistic view of ALPS curvature sensor

lipid-packing recognition, where the dynamics and plasticity of both, ALPS and the membrane, act

and adapt in a perfect synchony. We propose that ALPS is able to adapt to these inhomogeneities

of the membrane thanks to the conformational deformability and structural flexibility that allow it to

explore the lipid packing defects at the level of the polar heads and the acyl chains. This deformability

is favor by a bulky-small&polar-bulky pattern that dispose the bulky hydrophobic residues and the

small polar residues in a way that favors peptide-lipid interactions. Moreover we suggest that ALPS

can induce adaptative dynamic response of the membrane that leads to a bilayer-coupling effect and

a reciprocal orchestrated adaptation process. We show how the absence of lipid-packing defects avoid

ALPS deformability and structural flexibility, affecting in consequence important intra-peptide and

lipid-peptide interactions. Our results show that the deformability and structural flexibility of ALPS

and the presence of lipid-packing defaults in the membrane are correlated. We also propose that the

deformability is environment-dependent whereas the structural flexibility depends on the particularities

of the sequence. Hence, ALPS plasticity must be of relevance for its curvature sensitivity. We advance

that this could imply a concertated mechanism to recognize curved membranes. The partitioning of

ALPS at the interfacial phosphate/glycerol level, suggest an adaptive interplay between the peptide-

sequence geometrical and space restrictions, the lipids conformations and the physical forces that shape

the membrane.
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Chapter 1

The sense of shaping and sensing

the membrane

“When you are describing A shape, or sound, or tint;

Don’t state the matter plainly, but put it in a hint;

And learn to look at all things With a sort of mental squint”

Lewis Carroll

The cell is the scenario of a complex interplay of biophysical and biochemical processes that make

possible its survival. Cells interact with their environment in various ways, by secreting, for instance

a great variety of molecules to modify their surroundings. They are also able to protect themselves

by producing extracellular matrices or cell walls, and more importantly, they interact with other cells

to share information, control cellular populations or to preserve multicellular organisms. Cells can be

assigned to one of three domains based on their biophysical, biochemical and phylogenetic characteris-

tics: Eukaryota, Archaea and Bacteria. These three types of cells are in constant interaction with their

surroundings and the major cellular structure that make this possible is the plasmatic membrane that

delimits individual cells. The nature of the lipid components of Eukaryota and Bacteria membrane is

the same whereas Archaea membranes differ from the other life domains. These differences have been

explained by two opposed hypothesis, in the first one Archaea would have completely replaced their

plasmatic membrane by changing their lipid metabolic pathways (Lopez-Garcia and Moreira, 2004),

having at some point a mixed membrane, in the second hypothesis the last universal common ances-

tor (LUCA)(Delaye et al., 2005; Forterre et al., 2005; Jekely, 2006) was not yet delimited by a lipid

membrane, and archaeal and bacterial/eukaryal membranes emerged independently afterwards (Koonin

and Martin, 2005). Phylogenetic analyses of the enzymes involved in the lipid metabolic pathways of

archaea and bacteria have showed that these life domains share highly divergent but homologous en-

zymes. Researches have therefore confirmed that the plasmatic membranes have always been a crucial

condition for life through its multiple shape manifestations (Fig.1.1).
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CHAPTER 1. THE SENSE OF SHAPING AND SENSING THE MEMBRANE 2

During the second half of the 19th century, while Charles Darwin was preparing its masterpiece ’On

the Origin of Species’, C. Naegeli and C. Cramer described for the first time the cell membranes, as

essential barriers to maintain osmosis equilibrium in plant cells. Indeed, before the advent of modern

cell biology, pioneered by Albert Claude in the 1940s, many biologists viewed the cell as a mere "bag

of enzymes" or a "biochemical bog" filled with formless protoplasm and devoid of inner structure.

These ideas started to change with the discovery, in the late 19th century, by light microscopy staining

techniques, of internal organelles such as the chloroplast, the mitochondria and the Golgi apparatus.

However, the real breakthrough was 60 years ago, when Albert Claude, Keith Porter and Ernest Fullam

published the first picture of an intact cell taken with an electron microscope (Edidin, 2003). Since

then, and thanks to the advances in electron microscopy during the last decades, we have been able to

look inside the eukaryotic cell to find many specialized membrane-delimited compartments, as well as

complex intracellular dynamic processes through which there is a constant flow of vesicles scaffolded

by an internal cytoskeleton (Fig.1.1). Moreover the intricate scaffold constituted by the cytoskeleton

and the vesicles transport, determines the global form and dynamics of the cell, the organelles and the

endomembranes.

Figure 1.1: Membranes sculpt different shapes in nature.(a) Bacteria: Spirochetes sp, (b)Arquaea:
Haloquadratum walsbyi, (c) Eukaryote: Neuron, (d) Chloroplast and its inner membranes (thilachoids),
(e) Internal membranes in an eukaryot cell. In yellow the Golgi apparatus, in green the nuclear envelope
and in bleu other endomembranes systems, (f) Plant cell showing endomembane systems such as
vacuoles in yellow, mitochondria in red and nucleous in bleu. (Microscopy Photographs taken from the
website http://www.denniskunkel.com/)



CHAPTER 1. THE SENSE OF SHAPING AND SENSING THE MEMBRANE 3

1.1 Membranes can adopt numerous shapes

Biological membranes constitute the surface of all living organisms and they determine the shape cells

can adopt. The principal components of membranes, the phospholipids, spontaneously form spherical or

laminar shaped structures in aqueous solution. The laminar forms can bend creating different degrees of

membrane curvature and allowing organisms to adopt a great variety of shapes, spherical, oval, discoid,

rod, spiral sheath, stalk, filamentous, square, star, spindle, lob, and pleomorphic1 (Zimmerberg and

Kozlov, 2006). Each shape represents a different life strategy. The biological membrane is an interface

between inside and outside environments, which the cell (or cell organelles) can modulate specifically

in order to fulfill the cellular requirements and to respond to a wide range of external influences. For

example the biconcave disc-like shape of erythrocytes guarantees the optimal surface-to-volume ratio

that is necessary for fast oxygen exchange between hemoglobin and the outside medium.

The shape of all inner-cellular membrane compartments also depends on the different forms a

membrane can adopt: tubes, vesicles, invaginations, protrusions. Organelles such as lysosomes and

peroxisomes have a basic shape that is relatively spherical. Other organelles, on the other hand, have

more complex shapes. Mitochondria and chloroplast have outer limiting membranes and complex

networks of internal tubular membranes, cristae and thylacoides respectively. Golgi apparatus and

endoplamic reticulum (ER) contain regions that form elaborate networks of interconnected cisternae,

tubules and fenestrations which dynamic modulation (i.e budding and forming vesicles) is crucial for

the secretory pathways2. During endocytosis, cells deform their membranes to engulf molecules such as

proteins that cannot pass through the membrane. This process can be macropinocytosis, caveolae, or

receptor-mediated endocytosis (Doherty and McMahon, 2009). Endocytosis is also used to introduce

other cells or viruses, by phagocitosis. During this precise cellular event the shape of the particle that will

be internalized determines the deformation of the engulfing membrane. These membrane-dependent

processes are tightly regulated by specific molecular mechanisms and depend, on their turn, on the

membrane curvature and on the physcial forces that govern membrane dynamics (Veiga and Cossart,

2006).

The shape of most organelles is highly conserved across species. Moreover, different organelles can

have subdomains that resemble to each other in shape and architecture. Electron tomography studies

have shown tubules with similar diameters in numerous cell types (approximately 60 nm and 30 nm in

diameter for ER (Voeltz et al., 2006)and inner mitochondrial membranes tubules (IMM), respectively).

As the physical principles underlying shape formation and the sensing of this shapes (curvature-sensing)

must be universal not matter the biological system, the inter-species organelle shape conservation

indicates that specific shapes play an important role for the organelle proper functions (Voeltz, 2007).

It has now been clear for a long time that a complex interplay of factors determines organelle

morphology. However, so far, nobody knows how this is produced and how this is recognized. Are there

any lipid-protein domains present exclusively in the Golgi apparatus, for instance, that would stabilize

1Variable in shape
2The secretory pathway is the process of exocytosis that involves a complex dynamic of endomembrane shape modu-

lations to direct the secretory vesicles carring the cell products to the extracellular environement.
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the strange fenestration and interconnection of the Golgi stacks? How the mechanical and biophysical

properties of the membrane influence the shape deformation? What is the identity of those proteins

involved in all these processes? How the membrane curvature is controlled and sensed for the correct

feedback and distinction of multiple regions in the same organelles?

These are great times for the research on membrane-shape related processes. Our knowledge on

structure and dynamics of the cell, organelles, membranes and proteins increases steadily along with

the technical developments. For example, last-generation biophysical techniques allow to track single-

molecule functions or manipulate membranes and molecular motors in synchrony (i.e pulling tubes from

giant unilamellar vesicles (GUV) with kinesines (Roux et al., 2005; Sorre et al., 2009). Moreover, we have

seen great advances in biochemistry and cell biology, which methods have become more sophisticated.

The imaging techniques such as atomic force and electron micrography, X-ray diffraction, solid-state

NMR, fluorescence resonance energy transfer and simple direct fluorescence measurements of probes

in model membranes, have played a crucial role in the evolution of our understanding of many cellular

or biochemical processes that, in many cases, have been explained at the atomic level. This last point

have also been possible thanks to the increase in computational power, which incidentally have allowed

to perform longer and realistic computer simulations using macromolecular complexes and membranes-

protein assembles.

1.2 Outlook

Given this overview about the multiple membrane shapes and their importance in macro and micro

scale biological processes, in the follow chapters I will develope a discourse to understand our study

subjet : the curvature sensor Amphiphatic helical Lipid-Packing Sensor (ALPS).

The research about membrane-shape related processes is a new fascinating field. In order to explore

and answer some of its fundamental questions, we must first accept that membrane curvature is gener-

ated as a result of a complex interplay between membrane proteins, membrane lipids and the physical

forces that modulate this multi-dimensional assembly. Just an integral perspective which includes the

dynamics of the membranes and of the membrane-proteins will importantly contribute to understand

this amazing natural setting of sensors, sculptors and malleable matter. In the following chapters you

will find some of the most important details about theses actors in the membrane-shape related process.

Among an increasing number of lipid-binding domains, that sculpt or sense the shape of the mem-

brane, ALPS is a particular interesting case. Biochemical studies on these motifs have revealed the

importance of the amphipathic helix, which potentially intercalates into the lipid bilayer to sense mem-

brane curvature. A combination of bioinformatics with structural analyses has been identifying an

increasing number of novel families of lipid-binding domains or potential candidates. Most of the stud-

ies related to membrane-shape related proteins have been focus in the generation of the curvature and

less attention has been put on the mechanism of curvature sensing. Thus, this fascinating subject

remains less studied and less understood. In this thesis, we propose a novel atomistic view of ALPS

curvature sensor lipid-packing recognition, where the dynamics and plasticity of both, ALPS and the
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membrane, act and adapt in a perfect synchony. We advance that this could be of relevance as a con-

certated mechanism to recognize curved membranes. To contextualize the atomical models we explain

here and to develope my discouse about these aspects,

In chapter 2 Membranes are complex and dynamic systems, I describe some of the most important

knowledge about the membrane componentes (phospholipids and membrane-proteins), highlighting the

most important contributions of the Molecular Dynamics Simulations. I talk about the structure of

the membranes an the determinants of the membrane-proteins structures, such as partitioning and

aminoacid propensities to form their secondary structure, considering mostly the case of the alpha-

helices. I will focus the las part of the chapter to discuss about the amphipathic alpha-helices in

particular.

In chapter 3 Remodelling and sensing the membrane, I discuss the membrane mechanical and

physical foces that contribute to shape the membranes. I also develope an overview of the state of

the art regarding the mechanism of generation, regulation and sensing of the membrane curvature. I

explain the differnt lipid-binding domains or proteins that scult or recognize the membrane shape by

different but complementing mechanisms. As in chapter 2, I constantly underline the contribution of

the Molecular dynamics simulatioons to understand these remodelling processes.

Chapter 4 Regulation of vesicular transport by membrane curvature, is dediated to explain the

biological context of ALPS function, the secretory pathway. I make a resume of the most importante

stages of the pathway and I focus on the role of ALPS sensor in the regulations of the vesicular transport.

I also described the discovery of ALPS sensors and the research done about them in the recent years.

In Chapter 5 Molecular Dynamic Simulations, I resume the main principles in Molecualr Dynamic

Simulations and I describe the methology use in this thesis. I also discuss about force fields and today

simualtion capabilities in membrane systems.

Chapter 6 to 8 comprise all the results of my work. In chapter 6 I focus on the structural aspects

of ALPS in comparison with a mutant that is inefficent as curvature sensor. In chapter 7, I explain all

the effects induced in a DOPC membrane by ALPS. And in chapter 8, I evaluate the effect of different

lipid-packing defaults in the structural properties of ALPS.

To conclude, in chapter 9 I discuss all my results. I propose a novel perspective to understand ALPS

fuction and the posibility to extend my explanations to other membrane-curvature sensing contexts. I

also propose further experiments and simulations.



Chapter 2

Membranes are complex and

dynamic systems

Our first conception of the cell membranes is thanks to Hooke and his discovery of the plant cells in

the 16th century. But our knowldge about these biological membranes rather goes back to the end of

the 19th century when, when Hugo de Vries found that the cell membrane was permeable for ammonia

and glycerol. Ten years later, Walther Nernst developed the theory of electrical potentials based on

diffusion of ions in solution. During those same years, Charles Overton proposed for the first time that

lipid membranes enclosed animal and plant cells. Moreover, he introduced the hypothesis in which the

exchange of external Na+ for internal K+ ions was performed by an active membrane transport that

required metabolic energy, and it was not until 1930s when J.R. Danielli and H. Davson proposed that

proteins formed also part of the cellular membrane (Campbell and Mitchell., 1999).

The membrane was for long time perceived as just a barrier which served as the support for mem-

brane proteins. Nowadays, this vision has deeply evolved. Computer simulations have turned out to be

particularly important to address key questions on this research area and to substantially change our

old perceptions. This new era on membrane research began in 1985 with the first X-ray low-resolution

structure of a membrane protein, the bacterial reaction center (1PRC, PDBcode), by M. Diesenhofer,

R. Huber, H. Michel, and then after the determination of the bacterial K+ channel at the beginning of

this century by Doyle and MacKinnon (Doyle et al., 1998), the amount of structural information about

membrane-proteins increase constantly. Computer simulations have taken advantages of these crystal-

lographic structures in order to analyze the dynamics and behaviors of proteins inside the membrane

at atomic level. For the time being, these researches have provided valuable insights on the role of

membranes, not just as a support-based structure, but rather as a key active actor for protein functions.

Although it is still difficult to obtain crystallographic structures of membrane proteins, the scientific

community has overcome this specific handicap by increasing the interplay between solid-state NMR

studies and computer simulations. Thanks to the constant growing in computer power and more efficient

simulation softwares, today it is becoming possible to analyze and understand different membranes

6
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states as well as other lipid aggregates, systems that otherwise would be extremely difficult to study

experimentally. Among this, we found simulations of small hydrophobic molecules diffusion (Shaitan

et al., 2008a; MacCallum and Tieleman, 2006; Xiang and Anderson, 1998b), aminoacid chains analogues

(MacCallum et al., 2008) or oligopeptides (Shaitan et al., 2008b) through the membranes, as well as

simulations of many membrane-proteins and the membrane lipids behavior and assembly (Gumbart

et al., 2005; Chandler et al., 2008; Yefimov et al., 2008; Kandt et al., 2006; Oloo et al., 2006; Sansom

et al., 2002; Shepherd et al., 2003; Woolf and Roux, 1994; Nina et al., 2000).

Modulation of membranes, as I mentioned in the first chapter, is possible thanks to the complex

interplay between all their components. In this chapter I would like to discuss the nature of these

membrane components and some of the membrane structural properties. Once these aspects introduced

I will discuss in the next chapter about the forces that shape the membrane. It is almost impossible to

cover here all the researches that have been performed on this vast subject, however I will develop in

the following sections the most important findings that are relevant for the understanding of the scope

of this thesis.

2.1 A glance at membrane lipids

Lipids, the main component of biological membranes, provide a complex, dynamic and active support for

integral membrane proteins, and at the same time, represent a varied functional relevant surface for the

interaction of soluble amphitropic1 proteins. The large repertoire of lipids makes biological membranes a

highly diverse system depending on both, the type of cell and the inner-cellular organelle. Furthermore,

the large diversity of lipid structures produces a broad spectrum of chemical and physical properties that

influence protein functions and their organization. That is, the ability of lipids to form subdomains of

unique composition provides a physical mechanism to compartmentalize proteins by confining them in a

specific and reduced membrane microdomain or raft (Rajendran and Simons, 2005). These lipid-protein

rafts could play an important role, for instance in protein regulation and efficient signal transductions.

Lipid patches found in organelles may also form microdomains, whose distinct physiochemical properties

are a mere reflect of both, the stereochemical and electrostatic characteristics of the lipids shaping these

organelles (McIntosh, 2007). Therefore, the structure and chemical properties of cellular membranes

and their microdomains are rather difficult to define, especially since these microdomains are highly

dynamic (Risselada and Marrink, 2008; Niemela et al., 2009). The study of lipids and their links to

cellular physiology and cellular pathology have become a major research target. Technological advances

in mass spectrometry have boosted up these studies creating in recent times the field of “lipidomics”

(Han and Gross, 2003)).

1Having both lipotropic and hydrotropic characteristics
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2.1.1 Lipids structure

The works performed by Overton showed for the first time, at the end of the 19th century, that

phospholipids were the principal components of biological membranes (Edidin, 2003). Phospholipids

are amphipathic2 molecules, which hydrophilic and hydrophobic moieties induce the formation of lipid

bilayers. I will detail this in the next sections, for the moment lets talk about their structure.

The basic structure of phospholipids consists of a headgroup or polarhead (HG) (the hydrophilic

moiety) and two acyl chains (AC) (the hydrophobic moiety). The polarhead is composed of a glycerol

molecule and one of the different derivatives of the phosphoric acid. The nature of these phospho-

ric acid derivatives allows to differentiate and classify the phospholipids. Among some of the most

abundant phospholipids we find the phosphatidylcholine (PC), the phosphatidylserine (PS), the phos-

phatidylethanolamine (PE), the phosphatidylinositol (PI), and the phosphatidic acid (PA) (Fig.2.1(b)).

Whereas PC and PE are neutral zwitterions, PS, PI, and PA bear a net negative charge. The acyl

chains are derivatives of saturated and unsaturated fatty acids, such as palmitic acid and the oleic acid

respectively (Fig.2.1(a)). Therefore, acyl chains can be also saturated or unsaturated, this nature can

be useful to classify the lipids based on the global form of the lipid, the arrangements they can form,

and their influence in the fluidity of the membrane. The most studied lipids in model membranes are

the PC phospholipids, such as dimyristoylphosphatidylcholine (DMPC), dipalmitoylphosphatidilcholine

(POPC) and dioleoylphosphatidilcholine (DOPC)3 (Fig.2.1). As mention above, biological membranes

are built by a great diversity of lipids, other than phospholipids. For instance, cholesterol accumulates

transiently in membranes and cause changes in the physical properties of the bilayer, influencing deeply

the membrane fluidity. On their turn, diacylglycerols (DAG), which can be regrouped in restricted

portions of the membrane and by doing this, they induce changes on the membrane curvature that

facilitate membrane fission4 and fusion5. I will discuss these aspects in detail in chapter 3.

2.1.2 Lipid packing and the membrane shape

Phospholipids, as many other lipids, are able to form spontaneous fluid crystalline structures, which are

entropy favored. The resulting structure depends on the shape of the lipid molecules. Lipids associate

in different arrangements that reduce the contacts between their hydrophobic part and the solvent. The

organization that lipids may adopt depends on the relative size of their hydrophilic and hydrophobic

2Or amphiphilic, pertains to a molecule containing both polar (water-soluble, hydrophilic) and nonpolar (water-soluble,
hydrophobic) portions in its structure.

3These are the lipids used on this work.
4Membrane fission occurs in eukaryotic cells whenever a vesicle is produced or a larger subcellular compartment is

divided into smaller discrete units. During endocytosis, cell membranes bud and then pinch off smaller sack-like "vesicles."
This process is possible because the protein dynamin, forms a short "collar" of proteins around a bit of the membrane
that has emerged from the "parent" membrane, and then squeezes it tight, cleanly separating the new "daughter" vesicle.
Recent evidence suggests this fission event is promoted by enzymes that generate phosphatidic acid and thereby cause a
distortion of the lipid bilayer.

5Cellular membrane fusion is one of the most common ways for molecules to enter or exit cells, in processes such as
fertilization and viral infection, for example. When two cells fuse together, their membranes come together at one location
and create a connection between the cells that allows the exchange of material between them. The protein complex SNARE
is implicated in this fusion proces. Eventually, the two membranes form one single, continuous membrane surrounding
the contents of both cells.
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Figure 2.1: Exemple of lipid structure (a) shows the acyl chains (one saturated (Palmitoyl) and the
other one monounsaturated (Oleoyl) of palmitoyloleoylphosphadidylcholine, and its headgroup with the
glycerol and the derivative of phosphatidic acid, phosphadidylcholine. (b) Representations of those
derivatives that can be found as polar heads of the most common phospholipids in biologicla systems.

moieties.

Gorter and Grendel, at the dawn of the 20th century, discovered that cell membranes are in fact

structured by a lipid bilayer (Gortel and Grendel, 1925), but it was Robertson who, in the 1950s, argued

that all cell membranes have the same common structure (Robertson, 1959). This phospholipid bilayer

is arranged by two phospholipid leaflets that form a hydrophobic interior (the hydrophobic core [HC]),

which is stabilized by the contacts between the hydrophobic acyl chains of the phospholipids. The

phospholipids headgroups of each leaflet form the interior and exterior surfaces of the bilayer that are

in contact with the aqueous environment.

A useful measure that allows the distinction of lipid molecules, from the point of view of their

organization, is the dimensionless packing parameter (PP) (or shape factor), which is defined as the

ratio of the cross-section area of the headgroup (HG) to that of the acyl chain (AC), i.e. HG/AC

(De Krujiff, 1985). Consequently, large values of the PP (HG/AC > 1) correspond to molecules of

large head group section area and small acyl chain section, inversed conical shape. On the other hand,

if HG/AC < 1 then both sections are close (this usually being the case of lipid molecules with two acyl

chains as the POPC in Fig.2.1) and the molecules can be represented as a cylinder (Przestalski et al.,

2000) (Fig.2.2). I will discuss this in more detail in chapter 3, for the moment keep in mind that these

cylindrical lipids tend to form lamellar structures, which can additionally form lipid bilayers separated by

water layers, as commonly occur in biological membranes. This particular observation has been use as a

central argument to speculate that in the early stages of life, the spontaneous formation of lipid bilayers

gave rise to the development of biological membranes (Tien, 2000). In some pioneering works, Marrink

and co-workers have been recently able to simulate the spontaneous formation of bilayers. These works

demonstrated that even processes that involved hundreds of lipids can be simulated obtaining realistic

intermediate stages (de Vries et al., 2004a; Marrink et al., 2001).

I will give in the further sections the details about the bilayer composition and global bilayer structure.
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Figure 2.2: Lipid shape determine the organization in bilayers. Bilayers can be asymmetric in lipid
composition (Modified from (Janmey and Kinnunen, 2006a)).

2.1.3 Membrane composition

The chemical composition of the two leaflets of the lipid bilayer is different (Fig.2.2). For example,

in eukaryotes, nearly only anionic lipids face towards the cytoplasm, whereas most lipids with large

glycosylated headgroups are exposed to the extracellular environment. Differences in bilayer asymmetry

between eukaryotic and prokaryotic membranes are essential for the activity of endogenous antimicrobial

factors that break bacterial membranes but are harmless to eukaryotic cells ((Sevcsik et al., 2007; Sato

and Feix, 2006).

The chemical composition of the bilayer affects its mechanical properties and conversely, the use

of physical forces on membranes alters their chemical composition. The bilayer asymmetry is highly

dynamic and different cell types as well as organelles and cells at different states of activity are likely to

change the lipid distribution. Moreover, the bilayer trasversal asymmetry have important consequences

in the spontaneous curvature of the membrane (Devaux, 2000). I will explain in more detail all these

bilayer mechanical properties in chapter 3.

The formation of microdomains and the presence of mixed bilayers induce lateral asymmetry. In

these bilayers, the differences in lipid shapes (cylinders, cones, etc.) between both bilayers create lipid

mismatches, known as lipid packing defects. These packing inhomogeneities can also appear by an

increase in the membrane curvature. This particular phenomenon will be also discussed in the following

chapter. Complicated mixtures have proven to be difficult to simulate for the moment. However, there

exist few exemples of simulations made on bilayer with a simple (2 or 3 different lipids) mixed lipid

compostion. However they have been able to describe some important atomic feature related with the

bilayer properties (Chiu et al., 2002; de Joannis et al., 2006b,a).
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2.1.4 Lipid dynamics and membrane fluidity

Besides their shapes and lipids physicochemical properties, lipid dynamics are essential features of

membranes and are crucial for its biological viability. As you probably guess at this point, lipid dynamics

is affected by the shape and physichochemical properties, and on its turn, dynamics can play an

important role in bilayer asymmetry and many mechanical properties that I will discuss in the next

chapter. I chosed to mention here this aspects to start to prepared the reader to have a perspective

of membranes as very dynamic entities, none of the interactions or processes that take place in the

biological membranes are static.

We know that lipids can display many movements, however, our understanding of lipids dynamics

is very limited. The chemical structure of lipids influences their kinetic behavior: the presence and

nature of the polar head, the length of the lipid, the degree of saturation or instauration of the acyl

chains, etc. define and delimit the behavior that a certain lipid may adopt (Kusumi and Suzuki, 2005;

Tristram-Nagle and Nagle, 2004; Marrink et al., 2009a). Moreover, the surrounding environment of the

lipid molecules introduces additional parameters to this behavior and movement, such as the interaction

of the polar head with the aqueous medium and ions, and with the membrane proteins, which also exert

an influence on lipids.

Membrane fluidity is first of all determined by the lipid composition and depending on it the mem-

brane will exhibit a particular lamellar fluid state known as lamellar phase. The lamellar phases can

vary as a function of the lipid content or with the temperature, leading to different phases exemplified

in Figure 2.3. This phases can be disordered or ordered depending on the orientations of the lipids acyl

chains with respect to the normal of the bilayer. As an exemple, if the acyl chains are almost parallel to

the bilayer normal the lamellar phase is ordered, this is the case of saturated acyl chains; the disorder

in the bilayer can be induce by many factors (Feigenson, 2006). The biological membrane correspond

to a lamellar liquid-disordered phase. In order to understand the dynamics of this biological relevant

phase and the effect of lipid dynamics on membrane the global membrane structure, I will next explain

these aspects in more detail.

Two main lipid movements are rotation and oscillation. Both of them are implicated in the lipid

transport. Additionally, lipids display many other important movements for the membrane function,

which has been assessed by MD simulations (Marrink et al., 2009a): the lateral diffusion6 in the plane

of the membrane, the transversal diffusion from one layer to the second one. This diffusion can be

partial, concerning solely one fragment of the acylchains, or can be total, that is when the transversal

diffusion concern the entire lipid that has passed from one leaflet to the opposite one (process known as

flip-flop)7(Holthuis and Levine, 2005). The bilayer asymmetry discussed in section 2.1.3 is dependent

6The lipids can difusse in a membrane covering an area from 0,1 to 1 microm2s-1 in a cell membrane. However, lipid
diffusion can vary in function of the lipid nature and the environment surrounding it.

7In model membranes, the flip-flop is very slow for lipids with polar heads compared with lipids without polar heads
(Bai & Pagano, 1997). For some membranes such as the reticulum endoplamic, the expansion of the membrane is very
important and depends on the flip-flop of lipids at a high rate. This is possible thanks to the proteins called flipases
(Buton et al. , 1996) that assure the transversal diffusion from one leaflet to another at a high rate. In the case of
plasmatic membranes that have to mantain an asymmetric composition, the ATP-dependent flipases, make possible the
traslocation of PS or PE phospholipids (Seigneuret & Devaux, 1984).
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Figure 2.3: Liquid phases in biological membranes that determine the fluidity and order/disorder of the
lipids. (Modified from (Veatch, 2008)

of this last process.

The range of phospholipid motions are correlated with the acyl chain orientation and movements.

Lipid order inside membranes reflects their rotational motion and the average orientation of the acyl

chains C-C bond with respect to the normal to the membrane which can be measured with the Order

Parameter (see section 5.7.1.2)(Takaoka et al., 2000). For instance, if we consider a fully saturated

phospholipid below the phase transition temperature, the acyl chains are in the extended all-trans

conformation and are closely packed (ordered), in this case the range of motion is small. However,

above the phase transition temperature, the chains contain a number of gauche configurations, which

makes the packing of the chains looser and the range of motion of the acyl chains higher (disordered).

The presence of different types of lipid molecules in a cell membrane decreases the order in the bilayer,

and produces the different lamellar phases we just described (Feigenson, 2006) (Fig2.3).

Among other important factors that influence the lipids order are the volume and ratio of the polar

head and the acyl chains, as well as the nature of the polar head, the saturation of the fatty acyl

chains, and the number of trans and gauche positions of the C-C bonds in the chain. In saturated PC

membranes, the increase of acyl chain lengths also increases their order but decreases their reorientation

motion (Kusumi and Suzuki, 2005; Subczynski et al., 1992, 1993). The introduction of unsaturations

in the PC acyl chains generates packing defects in the lipid bilayer and affects deeply the narrow lipid

packing and the membrane order. For instance, the presence of a cis double bonds introduces a bend

in the unsaturated acyl chain that would create some non-conformability between chains and increase

chain disorder, leading to the lipid packing defects we discuss previously. Additionally, the presence of

either cis or trans double bonds in the acyl chain would reduce the dynamics of the chain around the

rigid double bonds.

If we consider the example of the introduction of cholesterol in a PC bilayer, it has a prominent
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Figure 2.4: (a) Singer & Nicholson Mosaic-fluid membrane model. (b) Engelman model of a membrane
more mosaic than fluid. (Taken from (Engelman, 2005)).

influence in already highly ordered saturated membranes since it is capable to increase even more the

membrane rigidity (Chiu et al., 2002; Pasenkiewicz-Gierula et al., 1990). On the other hand, the

introduction of unsaturated acyl chains in these rigid membranes, as in any other membrane, increases

greatly the fluidity and the disorder of the membrane. The “fluidizing” effect of unsaturated chains

observed in biological membranes moderates and counteracts the “rigidifying” effect of cholesterol (as

well as the effect of any other rigid-membrane modifiers).

The proteins embedded in the membrane can cause dramatic changes in this fluid states structure of

the lipid bilayer, since the size, structure and composition of these proteins may restrict lipid movements

or increase lipid disorder (Sanderson, 2005; Salnikov et al., 2009b,a). All these effects in the lipid bilayer

are going to modify the order and the diffusion of each lipid. Moreover, these effects are specific of the

lipid structure, its environment and the lapse of time the lipids spend in that environment. In order to

clarify these dynamic aspects, I will discuss now the structure of the biological membrane. Remember

nonetheless, that since the biological membrane is a mixture of many elements, its behavior is far from

the ideal liquid structures we illustrate in Figure 2.3.

2.2 Membrane structure is a complex target

Almost forty years ago Singer and Nicholson proposed the first structural model for the biological

membrane, the fluid-mosaic model (Singer and Nicolson, 1972). This first model proposed an initial

vision of static proteins, which at low concentrations were embedded in the fluid membrane. The

membrane, on the other hand, was not perturbed by the presence of proteins nor by its direct contact

with the solvent. All the functional properties were attributed to the membrane-proteins embedded in

it. Nowadays, this vision has become more complex. We now know that the biological membrane is a

highly dynamic system whose components are in continuous change and movement. The membrane, by
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it-self, is starting to be recognized as an important actor of many membrane-protein related functions.

The plasmatic membrane is composed of regions showing different and specific structures and functions

(Engelman, 2005) (Fig.2.4). The most important of these specialized membrane structures are the

lipid rafts (Rajendran and Simons, 2005; McIntosh, 2007). These lipid specific regions modulate the

membrane fluidity by restricting the directions lipids can follow (Kusumi and Suzuki, 2005). Moreover,

the thickness of these membrane regions can also change according to the lipid composition and as a

function of the length8 of the proteins that are embedded in these membrane regions (Mitra et al., 2004).

The prevailing model suggests that the membrane is more mosaic than fluid (Engelman, 2005). This

change of vision became possible thanks to the development of new methodologies and technologies

such as the electron microscopy, NMR and the fluorescence spectroscopy. Finally, in recent times,

the computer simulations have started to play an important role in the construction of these new

perspectives of the biological membranes (Marrink et al., 2009a; Gumbart et al., 2005; Risselada and

Marrink, 2009; Niemela et al., 2009).

2.2.1 Structure

Since cellular membranes should remain in a fluid state for normal cell functions, it is exactly this

fluid structure (Lα-phase) (Fig.2.3) of the bilayer that is relevant for the understanding of membrane-

peptide interactions at a molecular level. Unfortunately, the disorder found in fluid bilayers prevents

high atomic-resolution. Useful low-resolution structural information can nevertheless be obtained by

diffraction methods using multilamellar bilayers (liquid crystals), which have been dispersed in water or

placed on surfaces, and whose structure along the bilayer normal is highly periodic. This one-dimensional

crystallinity shows a distribution of matter along the bilayer normal that can be hence determined from

combined X-ray and neutron diffraction measurements ((White SH, 1996). The dynamic structure

of the fluid (Lα-phase ) bilayer that results from such measurements is a collection of time-averaged

spatial distributions (Gaussians) of the principal structural groups of the lipid (carbonyls, phosphates,

etc.) and the water projected to the normal axis of the bilayer plane (Wiener and White, 1991a,b)

(Fig.2.5) ). Using this technique White and co-workers determined for the first time the structure of

a DOPC bilayer (Wiener et al., 1991). Inspired by these works, Tristram-Nagle and colleagues refined

and completed the structural properties of DOPC (and other phospholipids) bilayers fully hydrated

(Tristram-Nagle et al., 1998). This structure, which computer simulations can reproduce (Berger et al.,

1997; Feller, 2007; Tieleman et al., 2006; Martinez-Seara et al., 2008a,b), revealed several features of

great importance (Fig.2.5):

1. The DOPC bilayer has a highly disordered structure. This great amount of disorder is revealed

by the width of the probability densities.

2. The crosssectional area per lipid is ~72 Å2.

8Known as hydrophobic mismatch. Membrane hydrophobic mismatch is the difference between the hydrophobic length
of α helices of the integral proteins and the hydrophobic thickness of the membrane they span. Under the consideration
of energy requirement, in order to avoid unfavorable exposure of hydrophobic surfaces to a hydrophilic environment, the
hydrophobic length of the integral proteins is supposed to be approximately equal to the hydrophobic bilayer thickness.
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Figure 2.5: DOPC bilayer structure density profile obtained by X-ray Scattering (modified from

3. The optimal membrane thickness depends on the chain length, the degree of saturation and the

angle of tilt of the acyl chain within the membrane. The thcikness of the hydrophobic core

(HC) is around 20 Å and the combined thickness of the interfacial regions (those covered by the

density distribution of the waters of hydration) is around 30 Å thickness of the entire bilayer. The

thickness of a single interface (15 Å) can easily accommodate unfolded and folded polypeptide

chains such as an amphipathic α-helix with diameter ~10 Å (typical of TM helices in membrane

proteins).

4. The interface is chemically heterogeneous; they can have multiple possibilities for non-covalent

interactions with peptides. Since these interfaces are the sites where proteins have their first

membrane contact (typical of interfacial amphipathic helices in membrane-proteins as we will

discuss in section 2.4), they are especially important in the folding and insertion of peripheral

proteins or non-constitutive membrane proteins such as toxins.

5. The interface, besides being chemically heterogeneous, is also regions where dramatic changes in

polarity occur over small distances.

2.2.2 Partitioning

How the small molecules can pass through the complex structure of the membrane? How the proteins

fold and insert in the membrane? These are two of the most studied questions in the membrane field.

The answers are not clear since the ability of molecules to cross the membrane or to get embedded in it
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depend on their partitioning behavior a fascinating and difficult problem. Therefore, and before I talk

about membrane proteins, I would like to mention some aspects about the partitioning .

Many essential biomolecules such as water, oxygen, and carbon dioxide move across the cell mem-

brane by passive diffusion (Bemporad et al., 2004; Xiang and Anderson, 1998a,b; Marrink et al., 1996;

Tieleman, 2006) Additionally, many drug molecules are also capable to enter the cell through pas-

sive diffusion across the cell membrane. This means that their partitioning within lipid bilayers has

important implications for their pharmacokinetics (Pohorille et al., 1998). Finally, the protein folding

adopted inside a membrane is determined by the partitioning behavior of the amino acid side chains

(Ulmschneider and Ulmschneider, 2008; Ulmschneider, 2009; White et al., 1998; White and Wimley,

1999; Wimley et al., 1998, 1996b,a; MacCallum et al., 2008, 2007), based on the thermodynamics of

lipid-side chain interactions. The partitioning has, in consequence, different energetic costs.

The structure of the bilayer and the gradient of polarity in the direction normal to the membrane,

govern the behavior of polar and charged residues when they are moved into the hydrocarbon core by a

large range of opposing tendencies, including hydrogen bonding, hydrophobic effects, and the energetic

costs of membrane deformation and transfer of charges and dipoles in a low dielectric environment

(White, 1994; White and Wimley, 1998; White, 2007). Numerous experimental studies have addressed

the question of partitioning of amino acid side chains in lipid bilayers with significant success, finding

unexpected behaviors for all polar and charged amino acids when they are confronted to the large

range of opposing tendencies (White, 2007). However, most of the results from these experiments have

limited spatial resolution. In particular, it is difficult to control the local environment of a side chain

due to the inhomogeneous nature and the deformability of the bilayer. These two factors also prevent

the prediction of side chain partitioning behaviors.

White and co-workers (Wimley and White, 1996) determined some hydrophobic scales for whole-

residues by a combination of experiments that determined the free energies of transfer for each amino

acid in POPC membranes (and n-octanol)9. These scales are essential for understanding the energetics

of protein-bilayer interactions. The most important feature of White and co-workers practical scales is

that they decided to include in their calculations the contributions of the peptide backbone bonds in

the free-energies of the different transfers, instead of limiting their research to just the side-chains. By

including whole-residues, these data have become of great value to understand some partitioning issues

and have turned out to be crucial to perform more realistic peptide-membrane simulations.

The atomistic computer simulations may provide a level of detail that is not accessible with other

kind of experiments. Consistently, molecular dynamics simulations can give a complementary view of

side-chain partitioning to experimental macroscopic measurements, and to elaborate predictions. Some

simulations of the designed pentapeptides used by White and co-workers (Aliste and Tieleman, 2005;

Ahumada et al., 2003) and of side-chains in bilayers (MacCallum et al., 2007, 2008) have provided a

molecular interpretation of the thermodynamic measurements that form the basis of the hydrophobicity

scales (Wimley and White, 1996; Wimley et al., 1996b,a) (Fig.2.6 ). On the other hand, the partitioning

of side chain between water and hydrophobic solvents has been used to test and parameterize the force
9Many experiemental and simulation research in membrane partitioning sometimes use hydrophobic solvents that

mimic the HC of the membrane. In these environments, is not possible to asses the effect of the interface.
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Figure 2.6: Transfer free energies calculated by MD simulations (right) and an example snapshot of
a side-chain inside the bilayer :acyl chains in grey, phosphate level (bleu), glycerol level (orange) and
water (red).

field used in molecular dynamics (Tieleman et al., 2006; MacCallum et al., 2007; MacCallum and

Tieleman, 2003; Oostenbrink et al., 2004). Finally, several computational studies have also addressed

the distribution of specific small molecules in lipid bilayers, finding the basic atomic characteristics of

this phenomenon highly dependent on bilayer properties and solute volume, size, and cross-sectional

area (Bemporad et al., 2004; MacCallum et al., 2008; MacCallum and Tieleman, 2006; Marrink et al.,

1996; Norman and Nymeyer, 2006). Marrink and co-workers have recently simulated the insertion of

an entire peptide in the membrane, and demonstrate that even with long times of simulations, this

process, highly energetically expensive, cannot be succesfully simulated (Yesylevskyy et al., 2009).

2.2.2.1 Partitioning-folding-coupling mechanism

In order to get inside the membrane bilayer, a single peptide pass througth different stages: (i) parti-

tioning of an unfolded protein fragment chain into the bilayer interface, (ii) the formation of secondary

structure in the interface, (iii) insertion of the secondary structure element across the membrane, fol-

lowed by the association of the secondary structure elements within the membrane (Fig.2.7).

The folding of membrane-proteins in the bilayer environment is a difficult experimental and simu-

lation problem, some studies in both fields have addressed this question indirectly, traditionally using

small peptides that are unfolded in aqueous solution but are fully structured upon partitioning into the

interface. White and co-workers have called this process partitioning-folding coupling mechanism, based

on their works with an amphipathic helical peptide, the antimicrobial melittin (Hristova et al., 2001).

They suggest then that the stages (i) and (ii) are coupled. They established that the energetic cost of

transferring an unfolded state (a virtual unfolded state calculated from the hydrophobicity scales) to the

interface environment was higher than transferring a folded state. Therefore, the partitioning-folding

coupling implies that secondary structure formation is driven by lipid-peptide interactions and the sub-

sequent H-bond formation that accompanies the partitioning of the peptides. Numerous studies have

studied the thermodynamics of this process (Seelig, 2004) and some MD simulations have addressed

the question of membrane folding and insertion with results that have provided some promising insights
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Figure 2.7: Insertion of a peptide in the bilayer showing the partitioning-folding coupling process (Mod-
ified from (Ulmschneider and Ulmschneider, 2008)

about this complicated problem (Chipot et al., 1999; Tieleman et al., 2001a; Ulmschneider and Ulm-

schneider, 2008; Yesylevskyy et al., 2009). It is just recently that Ulmschneider (Ulmschneider, 2009)

has achieved the folding of a TM peptide in explicit model membranes using high temperatures though.

In eukaryots, the energetic cost of folding and translocating an entier membrane-protein is counteract

by the translocon machinary 10. I consider now apropiated to talk about the membrane-proteins and the

different interactions they can establish with the peptides. In particular, I will discuss the amphipathic

α-helix, which is a conspicuos membrane-binding motif, that we already slightly mentioned in this last

section.

2.3 A Glimpse of Membrane proteins

Membrane proteins represent 30% of the Open Reading Frames (ORFs) identified in complete sequenced

genomes (Stevens and Arkin, 2000), which makes more than 10,000 protein molecules. From the last

sections and given this number, it is possible toi infer that our current understanding on the structure of

membrane protein and protein-lipid interactions is rather limited. There are two mayor reason for this:

one, the difficulties to obtain high-resolution structures of membrane proteins, and two, the disordered

nature of the lipid environment with its strong gradients of density, chain order, and polarity. Even if the

structures of membrane proteins has increased steadily in the PDB database during the last years, they

remain under-represented, and in many cases, only the soluble sub-domains are known. This technical

difficulty to obtain the membrane-embedded protein sub-domains has become a serious challenge for the

molecular dynamics and structural prediction sciences. Nowadays, the available structures of membrane-

embedded protein sub-domains are modeled in silico inside artificial membranes, in order to evaluate

the role of lipid dynamics in the protein function and structure (Appelt et al., 2005; Blood et al., 2008;

10The translocon (commonly known as a translocator or translocation channel) is the complex of proteins associated
with the translocation of nascent polypeptides across membranes.
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Chen et al., 2002; Durrieu et al., 2009; Efremov et al., 2004; Lee, 2009). These molecular dynamics

simulations expect to understand the atomic structural and dynamical bases of the protein-membrane

interactions that will help overcome the technological problems confronted in the in vitro experiments.

2.3.1 Membrane-proteins determin membrane topology

Membrane proteins play a major role in membranes. They display an orientational asymmetry with

respect to the membrane normal that, together with the lipid asymmetries and membrane discontinuities,

define membrane topology. This spatial organization contributes to the interactions of the membrane

components with most of the biological proteins soluble in water.

Membrane proteins are classified in two groups, depending on their localization in the membrane:

integral proteins, those inserted in the bilayer, and peripheral proteins, those that establish transitive

interactions with the membrane using both electrostatic and hydrophobic interactions or thanks to

membrane-protein partners. According to the interactions the membrane proteins establish with the

membrane, two main categories of membrane-protein interaction can be distinguished (Sanderson,

2005)(Fig.2.8):

• The polytopic interaction (i.e. transmembrane (TM) proteins) typical of integral proteins

• The monotopic interaction (i.e non-TM proteins) typical of proteins that are only inserted in one

leaflet of the membrane, and peripheral proteins.

Polytopic transmembrane interactions are typical of those proteins that span the membrane one or

many times. These proteins can be divided in two groups based on the two more frequent secondary

structure elements that conform them: the α-helix TM interaction, with one or more hydrophobic

helices spanning the membrane (from 1 to more than 20 helices) (Ubarretxena-Belandia and Engelman,

2001) and the β-sheets TM interaction, a succession of anti-parallel β-stands (8 to 22 strands) forming

a β-barrel (Schulz, 2002) (Fig. 2.8). The α-helix and β-sheets of TMs are in contact with each other,

with the bilayer hydrophobic core, the bilayer interface, and, of course, the water. This is the reason of

the importance of non-random amino acid distributions on those secondary structures.

As in soluble proteins, the interiors of polytopic proteins are comprised of internally H-bonded α-

helix and/or β-sheets (Fig.2.8). Moreover, the major portions of their masses are buried inside the HC

of the membrane, and are arranged in such a manner that allows their outer surfaces to face acyl chains

that conform the HC(Schulz, 2002; Ubarretxena-Belandia and Engelman, 2001). Although the average

hydrophobicity of the membrane proteins interior is the same compared to soluble proteins, the amino

acids of the outer surfaces are more hydrophobic (Samatey et al., 1995). The outside of an integral

membrane protein is lipid-exposed. Its sub-domains are rich in hydrophobic amino acids, which are

entirely matched by the lipid tails that make up about 40% of the thickness of the bilayer.

The average lengths of the TM α-helix and β-strands are greater than those observed in soluble

proteins, so the 20 Å thick bilayer HC core can be spanned: α-helix are generally longer than 20

amino acids (1.5 Å /residue), and β-strands are longer than 10 amino acids (3.3 Å /residue). The TM
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Figure 2.8: Schematics of the topology of the membrane depending on membrane-proteins
interactions.(a-c) Correspond to integral proteins with polytopic interactions (a and b) with α-helices
and (c) with β-sheets as the main secondary structures present. (d-g) Correspond to monotopyc inter-
actions and they represent groups 1,2,3 and 4 described in the text, respectively.

proteins helices can tilt in order to make their length match the bilayer thickness, this is known as the

hydrophobic-mismatch (Ozdirekcan et al., 2007; de Planque and Killian, 2003; Sparr et al., 2005; Debret

et al., 2008). At the same time, the bilayer thickness can change in the proximities of the proteins as

we will discuss in the next chapter. Because of the length and the highly non-polar character of TM

helices, hydropathy plots (Engelman et al., 1986; White, 1994) have proven to be useful and remarkably

accurate for predicting the topology of α-helical transmembrane proteins.

In turn, monotopic non-transmembrane protein-membrane interactions are characteristic of proteins

that get in contact with only one leaflet of the lipid bilayer. They can be divided in four groups Lomize

2007 (Fig. 2.8):

• The first group includes those proteins that bind the membrane thanks to post-translational

modification. Here, a covalent bond between the protein and a hydrophobic component is formed;

most of the time this component is the Glycosyl-Phosphatidyl-Inositol (GPI) (Sangiorgio et al.,

2004) or prenylations in the proteins (Resh, 2006).

• The second group consists in proteins that interact with the membrane thanks to hydrophobic

loops in their surfaces. This segments, can insert deeply into the membrane interface. (i.e.

cardiotoxine (Efremov et al., 2004))

• The third group corresponds to proteins that display electrostatic protein-membrane interactions.

For example, the annexine V is capable to interact with the membrane thanks to a salt bridge

formed between a Ca++ ion, the protein and the phospholipids negative charges (Mukhopadhyay

and Cho, 1996).

• The fourth group includes proteins that interact with the membrane thanks to one or many

interfacial amphipatic α-helices, which remain parallel to the plane of the membrane (IPM helix

for In-Plane Membrane ) (Sapay, 2006). Sapay and Gautier have develop new approaches in order
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to predict this kind of interactions (Sapay et al., 2006a; Gautier et al., 2008). In the section 2.4

we will describe this group with greater detail. Before I will mention some aspects related with

the secondary structure determinants in membrane proteins.

2.3.2 Membrane-proteins secondary structure

As we discussed before, the structure of the membrane determines the partitioning and folding of the

membrane proteins in the bilayer. However, the three-dimensional structure of membrane proteins is

governed by the same rules that define globular proteins structure. The proteins structure is stabilized

inside the membrane by non-covalent interactions such as electrostatic, H-bonds, and hydrophobic

interactions. That is, the polypeptidic chains folds in order to expose the polar residues toward the

polar environments (solvent or headgroups), forming the polar domains, and keeping the hydrophobic

residues in the interior of the protein or exposed to the hydrophobic environment (the acyl chains),

forming the hydrophobic domains (Ubarretxena-Belandia and Engelman, 2001; Samatey et al., 1995;

Schulz, 2002).

The most predominant secondary structures in transmembrane proteins are α-helix and β-sheets.

Some crystallographic structures of membrane proteins as well as numerous molecular dynamics simu-

lations have started to highlight the importance of flexibility on these structures for the correct function

of membrane proteins (Debret et al., 2008; Stelzer et al., 2008; Deupi et al., 2009; MS and H., 2000).

Several experimental and simulation studies have analyzed the propensities of different amino acids

to form particular secondary structures in solution (Petukhov et al., 1999, 2002; Ramirez-Alvarado et al.,

1999; Viguera and Serrano, 1999; Chakrabartty et al., 1994, 1993b,a, 1991; Pace and Scholtz, 1998).

Hydrogen bonds play a role in stabilizing the α-helix and β-barrel conformation. However, the size

and charges of sidechains are also important factors. This turned out to be relevant in the description

of different aminoacid propensities to form helices in an aqueous environment. Different amino-acid

sequences have different propensities to form α-helical structure. Met, Ala, Leu, uncharged Glu, and

Lys, have especially high helix-forming propensities, whereas Pro, Gly and Asp have poor helix-forming

propensities. Pro tends to break or kink helices because it cannot form a hydrogen bond (having no

amide hydrogen), and because its sidechain interferes sterically. However, Pro is often seen as the

first residue of α-helix, presumably due to its structural rigidity. In contrast, Gly, which also tends to

disrupt helices, has a high conformational flexibility that becomes entropically too expensive to stay in

the relatively constrained α-helical structure. Ser and Thr have also been identified as helix breakers

or mostly in loop regions since they introduce flexibility to the soluble proteins. Other residues such as

Val and Ile (well known as β-sheets formers) also break the α-helices .

The folding and packing of the membrane proteins is a major issue. I already discuss the influence

of the partitioning in the folding. This is correlated with the individual amino acids propensities to form

specific secondary structures. Thus, it is not surprising, that the structural propensities of different

residues in the membranes are not yet well defined. Some clues have been revealed though. The

experimentalists have tried to understand the propensities for a particular folding by examining its

secondary structure stability and oligomerization. Some of these studies have been performed using
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Figure 2.9: (a) Frequencies of residues in TM proteins. (b) Propensities to form alpha helices in
hydrophobic and aqueous environment (Adapted from (Liu and Deber, 1998b)).

transmembrane synthetic peptides in hydrophobic environments, such as micelles and vesicles (Li and

Deber, 1994a), whereas others has been made in bulk-hydrophobic solutions (Liu and Deber, 1998b)

(Fig. 2.9 ). These works have shown that, in contrast to their conformational preferences in water,

the helical proclivity of the non-charged amino acids inside membranes is governed by their side chain

hydrophobicity, and by the hydropathy of the local peptide segments in which the residues reside (Li

and Deber, 1994b; Li et al., 1996; Liu and Deber, 1998b).

Gly, and β-branched residues, such as Ile, and Val (Li and Deber, 1992a) seem to have an environment-

dependent role for the support and modulation of helices. In those examples, the helical propensity of

hydrophobic segments with different composition, decrease in the following order: Ala-Leu-rich> Gly-

Leu-rich> Gly-Ile(Val)-rich. These results suggest that these residues may provide, partially, the struc-

tural basis for conformational transitions within or adjacent to membrane domains (Landolt-Marticorena

et al., 1993). Indeed, it has been shown that the lipid hydrophobic effects can contribute to dimer sta-

bility and the affinity of motif-mediated helix-helix interactions to define helix-helix interfaces (Johnson

et al., 2006).

On the other hand, the ability of all naturally occurring amino acids to form a turn when placed

in the middle of a transmembrane helix has recently been measured (M. et al., 1999). The observed

rank order for turn-stabilizing tendencies are Asn=Arg=Pro (1.7)>Asp=Glu=His=Lys=Gln=(1.6)>Gly

(1.3)>Ser=Trp (0.7)>Cys=Ile=Tyr (0.6)>Ala=Met=Val (0.5)>Leu=Phe=Thr (0.4). Moreover sta-

tistical analysis have confirmed that clearly, there are two sets of residues with either high (≥1.3) or low

(≤0.7) turn propensity. Charged or polar residues induce a turn (≥1.3), whereas hydrophobic residues

plus Ser, Thr, and Cys remain α-helical (≤0.7) (Ballesteros et al., 2000). Furthermore, it has been



CHAPTER 2. MEMBRANES ARE COMPLEX AND DYNAMIC SYSTEMS 23

shown that Ser and Thr play an important role in the modulation of Pro-kinked TM segments when they

are in the vecinity of the Pro moderating the steric clash between the pyrrolidine ring and the O-Ci-4

carbonyl oxygen by modifying the conformation of the Ni-3-H amide group (Deupi et al., 2004). Besides

the important role of Pro residues (MS and H., 2000), Ser and Thr residues also stabilize local helical

distortions of possible functional importance. It has been shown that combinations of these residues

can produce dramatic effects on the conformation of TM α-helices. Indeed Ser/Thr can induce small

distortions that can be amplified by the neighbour residues. Their unusual distribution in TM segments

further suggests a possible functional role as structural adapters (Ballesteros et al., 2000; Deupi et al.,

2004, 2009)

Other studies have highlighted that cation-pi interactions, particularly between Lys and Trp, Tyr, or

Phe, as well as weakly polar interactions between pairs of aromatic residues, significantly enhance the

strength of oligomerization of these hydrophobic helices. The contribution of these forces to the tertiary

structure formation in designed transmembrane segments suggests that similar forces may also be a

significant factor in the folding and stability of native membrane proteins (Johnson et al., 2007). Deber

and co-workers proposed that the high frequency of occurrence in membranes of residues such as Leu,

Val, Ile, and Phe derives not only from their hydrophobicity but also from their intrinsic propensity to

form the α-helical conformation in the non-polar environments of membranes (Liu and Deber, 1998a),

since the helical propensity for individual amino acids is correlated with non-random occurring frequency

in protein TM helices (Landolt-Marticorena et al., 1993).

In brief, all that has been discussed until now gives the first notions to reconstruct the scenario

for the action of the membrane curvature sensor ALPS, our study subject. The specific features of

ALPS will be discuss in detail in chapter 4, for the moment, is important to remind that ALPS is an

interfacial amphipathic α-helix, which structure depends on its partitioning. The individual propensities

of its amino acids to form an α-helix, most also be taken in account. However, less is known about

this matter at the interface due to its chemical heterogeneougenisity. Hence, its is crucial to consider

that many non-covalent interactions are taking place and the structural and dynamic properties of the

membrane will have an impact on them.

2.4 Amphipathic alpha-helices

This type of interaction to the membrane was discoverd more recently that the other monotopic binding

interactions. The first amphipathic helix motif was identified in the Penicillin Binding protein 5 (PBP5)

in 1986 (M et al., 1986), which coincidently, contributes to maintain the shape of the cell in E.coli

(Nelson and Young, 2001). The first crystallographic structure of this kind of motif was from the

protein Prostaglandin H2 synthase-1 in 1994 (D et al., 1994). Since then, many exemples of this

binding motif have been identified. The amphiphatic helix is a conspicuous motif in proteins that bind

to the membranes. It can be found for instance in many small GTPAses (Sar1, Arp1, Arf1, etc) (Farsad

and De Camilli, 2003) or in some of their activators (as ArfGAP1 (Bigay et al., 2003)). It can be present

in the sterol transporter Kes1p and nucleoporin Nup13, and the golgin GMAP-210 (Drin et al., 2007),
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or in other cytosolic proteins such as endophilin, amphiphysin, and epsin (Farsad and De Camilli, 2003;

Farsad et al., 2001; Zimmerberg and Kozlov, 2006) and Annexin II (Hong et al., 2003). In some N-Bar

domains and N-terminal amphipathic helix is allso founded (Blood et al., 2008). All these proteins

have a role in sensing or producing membrane curvature and I will discuss about them in chapter 4.

However, not all the amphipathic helix found in proteins are interfacial binding proteins and not all

them are involved in shape membrane regulation neither.

The amphipathic helix can also be the preferential structure of many antimicrobial peptides (Haney

et al., 2009) or as part of non-structural viral proteins (NS5A) (Sapay et al., 2006b). Many works have

been done in order to understand this kind of interaction with the membrane, experimentally and by

molecular dynamics simulations (Mishra et al., 2008; Kandasamy and Larson, 2004; Nina et al., 2000;

Berneche et al., 1998; Lomize et al., 2007; Hristova et al., 2001; Khandelia et al., 2008). However,

they have been mostly focused on amphipathic antimicrobial peptides and less simulations have been

performed on amphipathic helices implicated in the control and/or recognition of the shape of the

membrane. These works will be discussed further for the moment, since this is the structure of relevance

for the subject of this thesis, it is important now to know some of its features.

2.4.1 Alpha-helix structure

The α-helix is a right- or left-handed coiled conformation, in which every backbone N-H group donates

a hydrogen bond to the backbone C=O group of the amino acid four residues earlier (i+4 to i hydrogen

bonding). An α-helix has therefore the following features (Fig.2.10) :

• Every 3.6 residues make one turn, that is each amino acid in a α-helix corresponds to a 100° turn

in the helix and a rise of 1.5 Å (0.15 nm) along the helical axis

• The pitch of the α-helix (the vertical distance between two points (turns) on the helix) is 5.4 Å

(0.54 nm), which is the product of 1.5 and 3,6.

• The N-H group of an amino acid forms a hydrogen bond with the C=O group of the amino

acid four residues earlier; this repeated i+4 to i hydrogen bonding defines an α-helix. Similar

structures include the 310 helix (i+3 to i hydrogen bonding) and the π-helix (i+5 to i hydrogen

bonding). These alternative helices are relatively rare, although the 310 helix is often found at the

ends of α-helices, or as intermediates of membrane binding-motifs (Gao and Wong, 2001; Hong

et al., 2003).

Helices observed in proteins can range from four to over fourty residues long, but a typical helix

contains about ten amino acids (about three turns). Short polypeptides generally do not exhibit much

α-helical structure in solution, since the entropic cost associated with the folding of the polypeptide

chain is not compensated by a sufficient amount of stabilizing interactions. The backbone hydrogen

bonds of α-helices are generally considered slightly weaker than those found in β-sheets, and are readily

attacked by the ambient water molecules. However, in more hydrophobic environments such as the
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Figure 2.10: (a) α-helix structure. (b) show the faces of an amphipathic helix: (bleu) polar and (orange)
hydrophobic. (upper) α-helix wheel diagram representation (bottom) α-helix vdw representation.

plasma membrane, or in the presence of co-solvents such as trifluoroethanol (TFE) (Myers et al., 1998)

oligopeptides readily adopt stable α-helical structure.

2.4.2 Amphipathic helices

In an amphipathic α-helix (AH), one side of the helix contains mainly hydrophilic amino acids and

the other side contains mainly hydrophobic amino acids. The amino acid sequence of amphipathic

α-helix alternates between hydrophilic and hydrophobic residues every 3 to 4 residues11. In most of

the AHs, the interaction with the membrane strongly depends on charged electrostatic interactions

between the positively charged residues of the polar face and the polar negatively charged headgroups

of the membrane lipids. Moreover, many of the AH motifs that bind the membranes, are unfolded in

solution and only fold in their appropriate α-helix once they bind to the membrane interface, following

the partitioning-folding coupling mechanism described in section 2.2.2.

Mishra and colleagues made X-ray diffraction measurements on DOPC multilayers (liquid crystals)

containing an ideally amphipathic α-helical peptide of 18 residues and determined the precise location

of the α-helix within the bilayer (Fig.2.11).

Similar to the principal groups of the lipids that show a Gaussian transbilayer profile (Fig.2.11 ) (as

a result of because of the thermal motion of the bilayer), the partitioning of the helix in the membrane

11Since the a helix makes a turn for every 3.6 residues.
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Figure 2.11: Partitioning of an amphipathic helix in the membrane interface (Density profile from a
MD simulation)

can be seen as a Gaussian transbilayer profile too (Fig.2.11). The axis of the α-helix, which is parallel

to the membrane surface, is located between the mean positions of the glycerol and carbonyl groups.

White and co-workers showed that the surface of the helix penetrates and reaches the level of the

double-bonds of the acyl chains, without causing major perturbations in the structure of the bilayer. It

is worth to mention that since the membrane interface has a very steep decent of polarity that arises

as the headgroup region gives way to the hydrocarbon region, the AH resides at approximately the

mid-point where it can establish all kind of interactions with the membrane.

Another important property of almost all the amphipatic helix that interact with the membrane

interface is their charged polar face. In consequence, the interaction with the membrane is mediated

by charged electrostatic interactions with the polar heads of the phospholipids.

2.4.3 Amphipathic helices as mediators of the membrane interaction of

amphitropic proteins and as modulators of bilayer physical properties

We mentioned that many membrane-shape related proteins have an amphipathic helical motif implicated

in generate or sensing the membrane curvature. How this single motif can have both functions is still

unknown, or how this processes are imbricated is yet unclear. The amphipathic helix is one of the

most common secundary structure motifs in proteins. It is used by amphitropic12 proteins to mediate

weak, reversible binding to cell membrane surfaces. In these proteins this amphipathic motif share some

12a subclass of proteins that exhibit a regulated interconversion between two environments, aqueous and lipidic.
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common features, some of them have already been pointed out (Cornell and Taneva, 2006):

1. All of them have net positive charge, with the exception of ALPS (our study subject)

2. they oil-water partitioning near to zero, consistent with their amphipathic nature

3. their peak hydrophobic moments range between 0.4-0.8 and their mean hydropathy is typical of

surface seeking helices

4. their hydrophobic sectors are typically ~180°

Besides these physicochemical properties, this kind of amphipathic helix can have some or one of the

following functional attributes (Cornell and Taneva, 2006):

1. Sense membrane physical properties,

(a) As a response to the negative surface potential, binding selectively to anionic lipids. Their

binding can have electrostatic and hydrophobic contributions. While the electrostatic at-

traction contributes to the binding, the hydrophobic character of the amphipathic helix is

the key dterminant of the binding strength.

(b) as a response to packing disorder (i.e. MinD interactions with polyunsaturated acyl chains

rich vesicles) or to surface defects at phase boundaries (i.e. CTT or α-synuclein binding to

lipid mixtures phase separations)

(c) they also respond to negative curvature strain or

(d) to the positive curvature of the membrane

2. Bind membrane surfaces weakly and therefore their binding is subject to regulation

(a) some of them are subject to a control of the binding were the driving force is the partitioning-

folding coupling process described in section 2.2.2, there exist some exception thougth.

(b) low affinities are maintained by relatively low-specificity Van der Waals interactions, al-

thougth some MD studies showed prevalent hydrogen bonding between peptides and lipids

(c) the lipid composition, sorting and lipid concentration varaitions can also regulate their bind-

ing

(d) some studies in CCT protein showed that the phosphorilation can antagonize the binding

(e) the binding can be also regulated by the membrane curvature as in the case of some proteins

implicated in the secretory pathways (I will discuss these aspects in chapter 4)

3. AH motif can serve as an autoinhibitory domain in certain amphitropic proteins

4. The insertion of AH helices at the membrane interface modulate bilayer physcial properties such

as,
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(a) neutralization of surface negative charge

(b) elimination of packing stress, by inserting in the lipid packing defects can alleviate the

curvatures strain in vesicles of small radius and stabilize the high curvature

(c) generation of membrane curvature as is the case of Bar domains and other lipid-bindig motifs

that we will mention in the next chapter.

Some of these attributes will be discussed in more detailed in the following chapters in order to offer the

appropiate background to understand the amphiphatic sensor of our interest, ALPS. Our work could

give insights about the particularities about this kind of particular sensors. To accomplish this aim, it

is important to introduce some aspectes related with the generation of the curvature and all the forces

implicated in the maintainance of the membrane structure.

It is noteworthy that there are different types of proteins that could be part of membrane-shape

processes and different ways of being sensible to the environment. Membrane proteins functions are

very diverse. Among their functions we find enzymes, structural components, molecular motors, etc.

Integral proteins, that serve as an interface between both sides of the bilayer, can have other specific

functions directly related with this favorable disposition: they can be transporters or receptors. The

function of these membrane-proteins can be very sensitive to the changes in mechanical or physical

membrane properties, such as the surface tension in the case of mechanosensitive channels (Yefimov

et al., 2008). Membrane proteins can also be the fixation points of surrounding structures such as the

cytoskeleton or the extracellular matrix that turn out to be important in the adhesion of the tissues, cell

migration or in endocytotic process, where the ability to sense the form or the geometry is important

(Vogel and Sheetz, 2006; Cukierman et al., 2001).

I will focus in the next chapter on those mechanical and physical properties of the membranes and

on that fascinating kind of membrane-shape related proteins, which are able to act as remodelers or

sensors of the membrane curvature.



Chapter 3

Remodelling and sensing the

membrane

The research field of shape and remodeling of the biological membrane is rather recent and only multi-

interdisciplinary researches have started to give proper answers about the processes that are involved.

Several recent studies in biochemistry and cell biology have begun to identify and characterize proteins

that are required for shaping some organelles and endomembrane systems (Zimmerberg and Kozlov,

2006; McMahon and Gallop, 2005). An elegant example of membrane reshaping mediated by membrane

proteins is observed in the chromatophores of purple photosynthetic bacteria where the light harvesting

complexes I and II (LH1 and LH2), the cytochromebc1 , and possibly the ATP synthase are able to

shape and maintain the chromatophore structure 1(Frese et al., 2004, 2008; Bahatyrova et al., 2004).

Another example would be the F1F0-ATP synthase2 (Paumard et al., 2002; Giraud et al., 2002; Everard-

Gigot et al., 2005) that maintains the tubular form of the inner mitochondial membranes, in the same

way the reticulon and DP1/YOP1 (Voeltz et al., 2006; Buton et al., 1996) maintain the shape of

the ER. The cytoskeleton, microtubules and actin filaments dynamics, play a key role maintaining

Golgi stacks shapes (Egea et al., 2006; Cole et al., 1996) and to shape the mitochondria (De Vos

et al., 2005; Varadi et al., 2004). These findings indicate general mechanisms of organelle shaping that

are used throughout the cell (Voeltz, 2007). Physicist and mathematicians have also been recently

interested in studing and modeling membrane deformations. They have been particularlly attracted

by the formation of tubes that change the membrane topology3 and progressively move the surface

to higher levels of shape complexity. Additionally the researches have analyzed the mechanical forces

1Light harvesting dimers curvature effect has been simulated by Schulten and co-workers.
2F-ATPases (F1FO-ATPases) in mitochondria, chloroplasts and bacterial plasma membranes are the prime producers

of ATP, using the proton gradient generated by oxidative phosphorylation (mitochondria) or photosynthesis (chloroplasts).
3In mathematics terms, topology is an area of study concerned with spatial properties that are preserved under

continuous deformations of objects, for example deformations that involve stretching, but no tearing or gluing. It emerged
through the development of concepts from geometry and set theory, such as space, dimension, and transformation. We
must distinguish it from the term “membrane topology” used by the biochemists to make reference to the disposition and
orientation of the proteins in the biological membranes.
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implicated in the elastic, bending and tension properties of the bilayer. Their studies and models,

together with molecular dynamics (MD) simulations of several membrane-shape related proteins, have

provided invaluable elements to understand the role of biophysical properties of the lipids in shaping

the membranes. Maintaining, sculpting and sensing the membranes are essential processes for the cell.

In this chapter we will discuss both aspects.

3.1 Determinants of the membrane shape

3.1.1 Membrane tension

One important force in the membrane is the tension. The cell membrane tends to maintain a specific

lipid packing density, an increase in the lipid spacing by osmotic swelling, leads to membrane rupture

when the membrane is strained slightly above its optimal packing. Therefore, and in order to compensate

the increase in the lipid spacing by osmotic swelling, several mechanosensitive ion channels adopt an

open structure as a response to the generated surface tension (Yefimov et al., 2008). Compression

within the plane of the membrane would be also resisted, however the membrane buckles out of plane

before significant compression occurs. Bucking events have a high energy barrier and occur rarely, but

when a small membrane patch buckles between cytoskeleton anchors, this patch will grow to become

a vesicle by drawing area from surrounding patches, which are also under compression. The vesicle

will eventually pinch out off the membrane, thereby reducing the excessive area. The rate of buckling

depends on the stress in the membrane, which is increased by cytoskeleton stiffening and decreased by

vesicle shedding (Manneville et al., 2008; Sens and Gov, 2007).

3.1.2 Spontaneous curvature

We already mention that cylindrical lipids such as PC tend to form lamellar structures. Since the

biological membrane is a mixture of many lipids with different shape factors, the default shape for

the membrane is not flat. Instead, each lipid shape that deviates from a cylinder contributes to a

spontaneous curvature of the membrane. The curvature can be positive or negative. To define the

curvature sign, we need to distinguish between the two sides of the surface. For a lipid monolayer,

one surface is covered by the phospholipid polar headgroups, whereas the other is hydrophobic. By

convention, monolayer bending from the heads to the tails produces positive curvature, whereas bending

in the opposite direction results in negative curvature (Fig. 3.1 (c)). Lipids that have an overall inverted

conical shape, such as lysophospholipids and polyphosphoinositides, favor the formation of structures

with a positive curvature such as micelles ( Fig.3.1 (d)). Lipid molecules that have an overall conical

shape with a small hydrophilic cross-section area, such as DAG and PE, form structures with a negative

curvature, for example the hexagonal phases of tubes with the head groups facing the inside and

hydrophobic tails outside (Sprong et al., 2001; Janmey and Kinnunen, 2006b)

The lipid composition favors different membrane curvatures (Fig.3.1), and lipid dynamics have

important implications in the maintenance of curved structures that are essential for the shape of
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Figure 3.1: 3.1Lipid packing and spontaneous curvature. (a) Different lipid shapes: inversed cone
(yellow), cylindric (bleu), conical (red). (b) the bilayer formed by cylindric lipids, (d) micelles formed by
inversed cone lipids and (c) mixed bilayers with spontaneous curvature depending in lipid composition.

the cell, organelles and endomembrane systems. The importance of non-lamellar bilayer states (i.e.

hexagonal phases) in biological systems has been substantially examined (Baumgart et al., 2003). Lipid

phases occur in a large number of processes, including pore formation, membrane genesis, and in

intermediates of fusion or fission found in endocytosis, exocytosis and viral entry. In many of these

processes the local membrane composition is far from homogeneous. Formation of non-lamellar phases

is therefore intrinsically linked to the appearance of dynamical heterogeneities. In most cases, non-

lamellar states are transient and only involve a fraction of the lipids in the aggregates. These results

complicate experimental studies, however computer simulations are finding methodological procedures

to deal with such problems (Marrink and Mark, 2004; Marrink and Tieleman, 2001; Marrink et al.,

2009b).

On the other hand, the local shape of a membrane depends on the type of lipids that are present

and on their spatial distribution. Insertion or removal of lipids into the inner or outer leaflet leads

to area mismatches that also alter curvature (Fig. 3.1). For entropic reasons, any bilayer, like any

elastic material, exhibits temperature induced fluctuations called undulations (fluctuations in the average

position of the bilayer surface). Besides, and as we mention before, a finite patch has a tendency to

close upon itself (i.e. form a vesicle) in order to minimize the line tension arising at the bilayer

edge. Undulations, are governed by the bending rigidity of the bilayer. Lindahl and Edholm (Lindahl

and Edholm, 2000) were the first to show the spontaneous appearance of such undulations in their

benchmark simulations study of a DPPC membrane (modeled at all-atom resolution).

Membranes resist bending because changing local curvature alters both, the head group spacing and
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the entropy of the hydrophobic chains. The bending stiffness is strongly dependent on the nature of the

lipids and their spatial distribution. The bending is characterized by two bending moduli, quantifying

stiffness in the two possible orthogonal radii of curvature for a planar membrane (Janmey and Kinnunen,

2006b). For an initially flat membrane in the x–y plane, one bending direction can be visualized in the z

direction along the x-axis and the other in the z direction along the y-axis (Zimmerberg and McLaughlin,

2004).

3.2 Forces within the lipid bilayer

The cell membrane can resist to deformation caused by forces applied in various directions. The

magnitude of this resistance is characterized by several elastic constants that are defined by different

geometries of deformation: shear, bending and stretching. These physical properties depend on the

chemical composition of the bilayer and on the lateral and transverse asymmetries. Shear deformations

within the plane of the fluid bilayer meet no elastic resistance because the lipids and TM proteins can

flow over each other. Lipid bilayer membranes resist stretching and bending with elastic constants

that are physiologically relevant (see below). The bilayer also strongly resists to stretching because

the distance increase (on average) between head groups increases exposure of the hydrophobic core to

water (Farsad and De Camilli, 2003; Janmey and Kinnunen, 2006b).

We mention in chapter 2 that the presence of TM proteins inside the bilayer induces transversal

forces that can alter the membrane thickness. The transition from a thicker to a thinner membrane

generates packing disorders that increase elastic energy (Risselda, Campelo). TM proteins also have

a specified length of hydrophobic contour that can differ from the optimal hydrophobic thickness of

the bilayer. This hydrophobic mismatch can lead to stretching or compression of lipids and proteins

inside the membrane (Fig.3.2 ) (Turner and Sens, 2004) or to tilting of transbilayer helices to decrease

the hydrophobic height (Ozdirekcan et al., 2007). Insertion of different lipids or proteins in an isolated

domain can also affect the thickness of the membrane (Bucki et al., 2000).

The differences in lipid order and lipid packing can cause lateral pressures due to loss of chain entropy

in the hydrophobic domain that creates compressive forces in the bilayer (Kung, 2005). The magnitude

of the lateral pressure depends on bilayer thickness, lipid composition (the nature of the hydrophobic

chains (e.g. saturated, unsaturated, single chains or sterols)), and the membrane curvature. In the

bilayer, a compression force acts at the hydrophilic interface to crowd the head groups tightly to minimize

exposure of the hydrophobic chains to water. These lateral forces are present even if no external force

is applied to the membrane (see also section 3.3). However, external forces that deform the membrane

– osmotic stress and membrane bending – affect directly these lateral forces and subsequently modify

the membrane protein structure and interactions (Kung, 2005).
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Figure 3.2: Schematic representation of the forces that shape the membrane (a) Transversal forces
and the hydrophobic mismatch. The influence of the protein over the unperturbed dLdepends on
the distance (b) lateral pressures (c) The blue arrows show how the bending of the membrane alters
the pressure gradient within the bilayer, stretching and compression. (Modified from (Janmey and
Kinnunen, 2006b)).

3.3 Membrane bending

The difference between the membrane sides according to their orientation with respect to the volume

that is surrounded by the membrane, allows to distinguish between a positively or negatively curvature.

This differentiation permits the characterization of membrane deformations. In the lipid bilayer, the

hydrophobicity of the inner core guarantees that no membrane edges can be exposed to the aqueous

solvent. Any membrane compartment in cells has therefore a continuous surface. Topological dis-

continuity between membranes can arise by the budding off of vesicles or the scission of tubules and

sacks. Topologically segregated compartments have distinct membrane surfaces where the orientation

of membrane lipids and proteins is typically inherited from the mother membrane (Jekely, 2007). If

we take budding off of vesicles as an example, we observe that positive curvature bulgs towards the

cytoplasm. At this moment of transition, that is, between the dome of the vesicle and the vesicle neck

we find both, positive and negative curvature, in perpendicular directions. The positive curvature is

present when the neck is still round, and negative curvature is present because a concave surface is

formed (a longitudinal section of the budding vesicle). The neck is shaped like a cylinder with posi-

tive curvature in one direction but zero curvature in the other. Finally, once the vesicle is formed, its

size is determined by the degree of positive curvature exhibited (small vesicles exhibit higher positive

curvature) (McMahon and Gallop, 2005).

3.4 Proteins that bend membranes

Proteins that are capable to apply mechanical forces to the membrane can disturb the membrane in-

herent forces. There are two main mechanisms of membrane deformation, which are not mutually



CHAPTER 3. REMODELLING AND SENSING THE MEMBRANE 34

exclusive, and where proteins participate: the extrinsic 4 and intrinsic5 mechanisms (Fig.3.3)(Farsad

and De Camilli, 2003). Several of the extrinsic forces applied to the membrane have been studied for

a long time, as is the case of the cytoskeleton that deformes the membranes (Vale and Hotani, 1988;

Lippincott-Schwartz et al., 2000; Dabora and Sheetz, 1988) by pulling them to form tubules or to endow

the membrane with resistance to shear and determine viscoelastic properties (Janmey and Kinnunen,

2006b) (Fig.3.3(b)). Many intracellular membrane tubules are generated by this process (Hirokawa,

1998; Allan and Schroer, 1999; Roux et al., 2005). Recently, the role of other peripheral and integral

proteins on membrane deformation has been identified and characterized, i.e. photosynthetic proteins in

purple photosynthetic bacteria and chloroplast thylacoids, F1F0-ATP-synthase in mithocondrial crestae,

reticulon and DP1/YOP1 in endoplasmic reticulum (Paumard et al., 2002; Giraud et al., 2002; Buton

et al., 1996; Voeltz et al., 2006; Everard-Gigot et al., 2005) However, most of today’s knowledge on

membrane deformation comes from the vesicle and tubules formation during trafficking events (Peter

et al., 2004; Blood and Voth, 2006; Durrieu et al., 2009; Praefcke and McMahon, 2004; McMahon and

Mills, 2004; Zimmerberg and McLaughlin, 2004; Nossal and Zimmerberg, 2002; Huttner and Zimmer-

berg, 2001; Coorssen et al., 2003). This kind of event corresponds to the intrinsic mechanisms, which

will be discussed in the following sections. The intrinsic mechanisms of membrane deformation (or

bending) include: the lipid composition (already discussed), the scaffolding (by peripheral or integral

proteins), and the helix insertion (Farsad and De Camilli, 2003; Miller and Krijnse-Locker, 2008; Voeltz,

2007).

3.4.1 Proteins actin by the scaffold mechanism

The scaffold mechanism assumes that proteins can function as scaffolds when the intrinsic curvature

of the protein matches and impose higher curvature to the lipid bilayer (Farsad and De Camilli, 2003)

(Fig.3.3 (c)). Such proteins must satisfy several criteria in order to bend lipid bilayers locally. Most

importantly, the intrinsic shape of a protein, or protein network, must expose a curved interaction

surface with the lipid bilayer. Such shape can result either from the tertiary protein structure or from

a surface that is formed by protein–protein interactions. Furthermore, the protein or proteins should

have sufficient intrinsic rigidity to counteract the tendency of the lipid bilayer to relax towards its state

of spontaneous curvature (bending stiffness). Finally, peripheral proteins must have a sufficient affinity

for the lipid polar headgroups in order to make the lipid bilayer fit the shape of the protein. The energy

of protein–membrane binding has to exceed the membrane-bending energy.

According to the scaffold mechanism, all protein coats that cover the surface of membrane invagina-

tions that bud along the membrane, function as scaffolds for membrane curvature. Three kind of vesicles

coat proteins, COPI and COPII complexes and the clathrin–adaptor-protein, are able to oligomerize to

promote budding and hence, they provide scaffolds for spherical curvatures (McMahon and Mills, 2004).

Furthermore, two other proteins are involved in the scaffold mechanism: dynamin, a protein implicated

in the fission of vesicles (Praefcke and McMahon, 2004; Hinshaw and Schmid, 1995), and the BAR

4Extrinsic forces on the membrane are exerced by peripheral or transiently associated membrane-proteins
5Intrinsic forces on the membrane are exerced by monotopic or integral polytopic membrane-proteins
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Figure 3.3: Membrane Bending mechanisms (Modified from (McMahon and Gallop, 2005; Zimmerberg
and Kozlov, 2006)).

((Bin/amphiphysin/Rvs)-domain-containing proteins (Peter et al., 2004; Dawson et al., 2006; Gallop

and McMahon, 2005), which wraps around membranes and provide scaffolds for cylindrical curvature

(Zimmerberg and McLaughlin, 2004; McMahon and Gallop, 2005; Gallop and McMahon, 2005).

As scaffolding proteins, dynamin and Bar-domains have a high affinity for the membrane and their

intrinsic curved shape counteracts the forces of the membrane and allows them to modify, by them

selves, the membrane curvature (Zimmerberg and Kozlov, 2006). That is, the dynamin helix self-

assembles in the absence of lipids into rings and helices (Hinshaw and Schmid, 1995). Then, dynamin

binds to lipid membranes and forms cylindrical coats that have the same helical structure and cross-

section radius as the pure dynamin helix (Sweitzer and Hinshaw, 1998). This means that the rigidity

of the dynamin coat is greater than that of the lipid bilayer, and therefore, dynamin lipid-binding is

sufficiently strong to allow the work of the scaffold mechanism in membrane shaping and membrane

fission (Praefcke and McMahon, 2004; Kozlov, 1999, 2001). On the other hand, the BAR-domain has

a banana-like shape (Peter et al., 2004; Gallop and McMahon, 2005), and its concave surface binds the

lipid membrane. This banana-like shape has a correct intrinsic shape to bind curved membranes. In

addition, the BAR-domain has positively charged residues on its concave surface, which allows a strong

interaction with negatively charged polar headgroups of the lipid molecules. In general, the electrostatic

interaction between lipids and proteins is one of the important factors that determine membrane shape

(Zimmerberg and McLaughlin, 2004). Although there are no data available regarding the intrinsic
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rigidity of BAR-domains, presumably the bundling of the BAR-domain helices produces rigidity. The

curvature of many membrane tubes that are covered by these domains have shapes that are close to the

intrinsic curvature of the concave BAR-domain. The tubulation process induced by the BAR-domains

has been elegantly simulated by molecular dynamics (Yin et al., 2009; Blood et al., 2008; Blood and

Voth, 2006; Ayton et al., 2007) showing, at an atomic level, how curved BAR-domains have a high

affinity for curved membranes and their ability to induce greater shape deformations.

In turn, clathrin proteins have an intrinsically curved shape that allows them to form spheroid

arrangements in the absence of lipids. Therefore one could expect that clathrin function by the scaffold

mechanism. However, it has been demonstrated that clathrin proteins are not able to curve membranes

by them self, and in consequence, they need to interact with other adaptor-proteins in order to modulate

the degree of curvature generated (Nossal and Zimmerberg, 2002). Similarly, the structure of the one

component (Sec23–Sec24) of the COPII coat complex has a concave surface that fits a circle with a 30-

nm radius (Bi et al., 2002), and under optimal conditions, Sec23–Sec24 and Sec13–Sec31 self-assemble

into spheroids (Bi et al., 2002). However, they need to act simultaneously in other associated proteins

to curve the membranes (McMahon and Mills, 2004).

3.4.2 Proteins acting by the local spontaneous curvature mechanism

The helix insertion mechanism is tightly correlated with the local spontaneous curvature mechanism

and the bilayer-coupling effect (Farsad and De Camilli, 2003; Zimmerberg and Kozlov, 2006) (Fig.3.3

(d)).

3.4.2.1 The local spontaneous curvature mechanism

The local spontaneous curvature mechanism has been essentially attributed to the local deformation

of membranes that occurs when the amphipathic helical moieties of proteins become embedded in the

lipid matrix. A shallow insertion of an amphiphatic protein helix into only the upper part of a membrane

monolayer has the role of a wedge that perturbs the packing of the lipid polar headgroups and results

in a local monolayer deformation (Campelo et al., 2008) (Fig. 3.3 (d)).

The epsine protein is a classical example of this type of proteins (Ford et al., 2002). It has been

shown that the epsine is able to form small tubules when incubated with liposomes. The ENTH-domain

has a high binding affinity for membranes when phosphatidylinositol-4,5-bisphosphate is present in the

membrane. The epsine ability to curve membranes depends entirely on the insertion of its ENTH-

domain amphipathic helix into the membrane bilayer by inducing a spontaneous curvature deformation

(Stahelin et al., 2003). Presumably, the amphipathic N-terminal region of endophilin functions in a

similar fashion, independently of its putative enzymatic activity (Farsad and De Camilli, 2003). The

small GTPase Sar1, which is one of the core COPII proteins, has been shown to curve lipid bilayers

by membrane insertion of its N-terminal amphiphatic α-helix (Fath et al., 2007; Lee et al., 2005) and

inducing local spontaneous deformations. Replacing hydrophobic residues in this α-helix with alanines,

impaired the ability of Sar1 to tubulate membranes.
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3.4.2.2 The bilayer-coupling mechanism and other distorsions of the membranes attributed

to amphiphatic helices

The bilayer-coupling mechanism is tightly associated with the local spontaneous mechanism. Therefore,

proteins involved in local spontaneous mechanism, which penetrate only one lipid monolayer, induce a

curvature by the asymmetry between the membrane leaflets and the membrane.

The bilayer-coupling mechanism was initially popularized by Sheets and Singer in 1974. This mech-

anism postulates that the two leaflets of a closed lipid bilayer, by virtue of asymmetries between them,

could have differential responses to various perturbations (Sheetz and Singer, 1974; Sheetz et al., 1976).

If the amphiphatic protein domains penetrate only one lipid monolayer, they can produce an area differ-

ence between the membrane leaflets and the membrane that will develop curvature to compensate for

this area asymmetry (Campelo et al., 2008) (Fig. 3.3 (d)). Moreover, the insertion of an amphipathic

helix, depending on the depth of penetration can induce changes in the bilayer thickness as a result of

the transversal diffusion of the surrounding lipids. If the helix has a superficial position the membrane

get thick on its vecinity, whereas if the helix is near the center of the hydrophobic core, it gets thinner.

These effects also account to both the bilayer-coupling and the local spontaneous curvature mechanisms

(Campelo et al., 2008; Devaux, 2000).

There are examples of proteins that have an N-terminal amphiphatic helix critical for membrane

binding, which could potentially play a key role in budding. This is the clear case of ARF-family

GTPases (Amor et al., 1994; Bigay et al., 2003; Antonny et al., 2003), involved in the recruitment

of coat proteins for vesicular trafficking along the secretory and endocytic pathways. Moreover, many

monotopic proteins interact with the membrane using amphipatic helical motif6 . Some examples are

the Annexin B12 ((Fischer et al., 2007), the Annexin II N-terminal tails (Hong et al., 2003) or the

amyloid proteins such as α-synuclein (Jao et al., 2004), Prostaglandin H2 synthase (Fowler et al.,

2007) and IAPP, which are important in type-II or non-insulin-dependent diabetes mellitus (Jayasinghe

and Langen, 2007). A huge number of amphiphatic helices that interact with the membranes are found

in antimicrobial peptides (AMP) (Haney et al., 2009). In all these proteins, the electrostatic interactions

of the protein with the membrane play an important role in membrane binding.

An intriguing possibility could be that all proteins with amphiphatic peptide that are involved in

local spontaneous bending and in bilayer coupling mechanisms, might share a common system for

enabling membrane deformation through the interaction of their amphipatic α-helix with the lipid

bilayer. Therefore, the identification of those mechanisms behind these protein-bilayer behaviors and

regulations would be the key aspects to understand the dynamics of these processes. Most of the studies

concerning the action of AMP, highlight the importance of an interfacial partitioning of the peptides

prior to the pore formation. Many MD simulations demonstrate the importance of the insertion and

interfacial positioning of amphipatic peptides in the membranes (Kandasamy and Larson, 2004; Nina

et al., 2000; Berneche et al., 1998; La Rocca et al., 1999).

6An amphipathic helix is a helical arrangement of polar residues in one face and hydrophobic residues in the other.
This disposition matches well the properties of the membrane interface. See Fig.2.11
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3.4.3 Simultaneous operation of bending mechanisms

It is unlikely that during the complex formation of vesicles and tubules each curvature-membrane mecha-

nism operates independently. Instead, the interplay of different proteins guarantees the robustness of the

membrane-deformation process. The budding machinery of endocytic vesicles needs clathrin–adaptor-

protein complexes, which seem to be too flexible to bend membranes effectively by their own, and

so, they are helped by epsin, which is able to induce membrane curvature using the local sponta-

neous curvature mechanism. The formation of membrane necks that connect clathrin-coated buds with

the plasma membrane and the fission of these two elements, could be carried out by dynamin alone.

However, within the cell, dynamin operates together with endophilin and amphiphysin. As mentioned

before, endophilin possess one amphipathic helix that might function according to the local sponta-

neous curvature mechanism (Peter et al., 2004; Farsad and De Camilli, 2003). Similarly, amphiphysin

might also function according to the local spontaneous curvature mechanism by the insertion of one

amphipathic helix into one leaflet of the lipid bilayer, and therefore the bilayer-coupling effect operates

as well. Additionally, amphiphysin contains a N-BAR-domain that might induce membrane-curvature,

and it was recently observed, by molecular dynamics simulations, that the N-terminal amphiphatic helix

of this N-BAR domain is able to form tubules around the membrane by it self (Blood et al., 2008).

As discussed in section 3.4.1, the COP complexes are unlikely to provide a sufficiently rigid scaffold to

bend intracellular membranes into small buds and vesicles. Therefore, membrane shaping by the COPII

coat is most probably driven by the synergistic action of the Sec23–Sec24 plus Sec13–Sec31 scaffold

and Sar1. All these elements act together to generate local spontaneous curvatures.

3.5 The importance of sensing shape

I have mentioned throughout the previous chapters that membrane-protein functions depend on their

ability to sense biophysical properties of the membrane. Since formation of different membrane shapes

are crucial for many biological processes, the ability to recognize and/or sense these shapes must be

also indispensable to regionalize and regulate a great number of cellular functions. If we are aware of

the existence of molecular mechanisms that induce membrane curvature, then there should also exist

mechanism that would sense this curvature. Vogel and Sheetz have defined the concept of “geometry

sensing” as the formation of signaling complexes produced by the recognition of shape changes in

the surfaces (i.e. the geometrical shape of the surface) (Vogel and Sheetz, 2006). The latter is of

great relevance as we see, for example, in cell adhesion, in tissues formation (Chen et al., 1997), in

morphogenesis or in cell migration (Schindler et al., 2005), where the extracellular matrix plays a crucial

role in recognizing different patterns in the substrate surfaces. But, how cells differentiate between a

concave (positive) and a convex (negative) membrane curvature? This is a very relevant question

with important implications in the understanding of endocytosis i.e. phagocytosis (in immunological

responses by macrophages) and trafficking. The answer to this question is not obvious, and it has not

yet been fully understood how the membrane curvature is recognized. However, several types of sensors

have been identified that can either sense convex or concave curvatures (Vogel and Sheetz, 2006).
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An interesting example of convex-curvature sensors is the case of certain K+ channels that adopt an

opened structure when they are embedded in membranes with convex curvature (Patel et al., 2001).

Among concave curvature sensors we can mention the membrane-anchor proteins (whose anchors

can be acylchains covalently linked to the protein, such as in prenylated proteins (Resh, 2006) or an

amphipathic helix motif) (Hatzakis et al., 2009) and scaffold-peripheral proteins (such as BAR-domain

proteins). On the other hand, lipids with asymmetric shape factors are predicted to sense the membrane

curvature (Fig.3.3 (a)) (Farsad and De Camilli, 2003; Roux et al., 2005). Recently Hatzakis proposed

that “sensing” is predominantly mediated by a higher density of binding sites on curved membranes,

instead of higher affinity of certain proteins to the membrane curvature. In their work, they proposed a

model that is based on curvature-induced defects in lipid packing related to lipid sorting (Sorre et al.,

2009)l and accurately predicted the curvature sensor capacities of the membrane-anchored proteins.

Based on the fact that unrelated structural motifs such as α-helices and acyl chains sense the membrane

curvature, they suggested that membrane-curvature sensing is a generic property of curved membranes

rather than a property of the anchoring molecules (Hatzakis et al., 2009). They also put forward that

membrane-curvature will promote the redistribution of proteins that are anchored in membranes through

other types of hydrophobic moieties. Indeed, it has been shown that the fluidity of the membrane may

induce the mechanical or diffusional separations of components. This phenomenon can have important

biochemical consequences, for example, in the formation of the immune synapses where the spatial

patterning of TM receptors regulates T-cell activation (Bromley et al., 2001; Mossman et al., 2005).

As I mentioned in section 3.4.1, proteins with a BAR-domain can recognize, using their intrin-

sic concave form, a positive membrane curvature and then induce higher degrees of curvature until

tubulation (Dawson et al., 2006; Yin et al., 2009). Therefore, BAR-domains have a double role as a

curvature sensor and as a membrane-bending protein (Peter et al., 2004; Yin et al., 2009). The extra

bending induced by proteins like the Bar-containing-proteins might allow the recruitment of further

protein partners (that may act based on the Hatzikis model) in order to form a multi-protein complex

with a synergic bending force. Indeed, it has been shown that some of these proteins and amphipathic

helices up-concentrate on areas of high membrane curvature (Peter et al., 2004; Mesmin et al., 2007;

Cornell and Taneva, 2006). The BAR-domains of arfaptins for example can recruit some small GTPases

(Tarricone et al., 2001), and other BAR-domains have effects on cell motility (Carstanjen et al., 2005).

Finally, amphipathic α-helices are one of the most important classes of membrane curvature sensors

found in a wide range of proteins. Some examples are Annexin B12 N-terminal tail (Fischer et al.,

2007), and some trafficking proteins, which regulate, for instance, the protein coat assembly (GMAP

210, Sar1, Epsin) (Lee et al., 2005; Drin et al., 2007; Ford et al., 2002) and the coat disassembly

(ArfGAP1). ArfGAP1 and GMAP210 contain amphipathic α-helices called ALPS motif (Amphipatic

Lipid Packing Sensor) (Bigay et al., 2003; Drin et al., 2007, 2008), which is the main interest of this

thesis. The next chapter is dedicated to ALPS.



Chapter 4

Regulation of vesicular transport

by membrane curvature

In the last chapters I discussed the membrane properties and forces involved in membrane-shape related

process. I have also mentioned some aspects related to trafficking, endomembranes and some of the

proteins implicated in these processes. In the following sections I will focus in more detail in the secretory

pathway, which is the biological context of the subject of this thesis.

It has been shown that carriers located inside the membrane usually transport small molecules across

the plasma membrane. However, the majority of secreted proteins and polysaccharides in eukaryotes are

released into the medium by exocytosis. Eukaryotic cells evolved a complex secretory pathway, consisting

of several membrane-bound compartments (endoplasmic reticulum, Golgi apparatus, vacuoles, vesicles,

they are collectively termed the endomembrane system); each one of these compartments contains

different sets of proteins. Upon insertion into the endoplasmic reticulum, proteins travel through this

membrane system in order to reach other subsequent compartments and their final destination. At

various steps, carbohydrates and lipids enter this pathway, many of which would be also secreted or act

as regulators (McMahon and Mills, 2004). The secretory pathway (also known as the anterograde or

biosynthetic pathway) is countered by an endocytotic pathway (also known as the retrograde pathway)

that originates at the plasma membrane and whose major destination are the lysosomes (or vacuoles).

Crossroads interconnects these two pathways at various steps. Thus, eukaryotic cells evolved a complex

intracellular traffic system, in which vesicles are the major transport vehicles (Drin et al., 2009).

Trafficking usually involves the generation of vesicles from a membrane precursor, followed by the

transportation of these vesicles to their destination and, lastly, the fusion of these vesicles with the

target compartment. Despite the enormous diversity of organelles in eukaryotes (including a broad

range of sizes and shapes) , the basic reactions of the vesicles trafficking — budding and fusion —

are carried out by multiprotein complexes that have been conserved throughout eukaryotic evolution

(Bonifacino and Glick, 2004).

40
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Figure 4.1: Schematics of the secretory pathway (Modified from (Drin et al., 2009)).

4.1 The secretoy pathway and vesicle formation

The main goal of the secretory pathway is to transport the newly synthesized proteins from the ER to

the Golgi complex, where they will undergo further modifications, before being released to their final

destination at the cellular membrane. These proteins are specifically transported in vesicles that have a

surrounded protein structure formed by COPII (Coat Protein Complex II) (McMahon and Mills, 2004;

Smith et al., 1998; Fotin et al., 2004) (Fig.4.1 . COPII vesicles bud at the ER with several protein

partners that allow them to target the pre-golgian compartements and eventually fused with them. Then,

and according to the currently accepted model, the carried proteins transit through the Golgi apparatus

in a process called “cisternae maturation” (Losev et al., 2006). During this maturation, the proteins

(and membranes) flow from the cis face to the trans face of the Golgi apparatus, undergoing post-

translation modifications (Stagg et al., 2008). In order for this model to work, it should exist a constant

regeneration of cisternae, that is, the COPII vesicles must return to the ER to form more COPII vesicles.

This recycling (retrograde transportation from the cis-golgi to the ER) is performed by the COPI vesicles

(Rabouille and Klumperman, 2005). Finally, the carried proteins that have accomplished their correct

maturation and have reached the trans-golgi are then transported by endosomes or lysosomes to the

plasmatic membrane.

The vesicles formation is accomplished, as I discussed in the previous chapter, by the action of

proteins that are capable of bending membranes. Vesicles of 50-70 nm in diameter are formed by the

specific action of coat proteins: COPI, COPII and clathrin (McMahon and Mills, 2004). These coat

proteins polymerize around the vesicle and complete the budding. On the other hand, the dynamin acts

to pinch the vesicles out of the mother membrane (Praefcke and McMahon, 2004; Kozlov, 2001). These

formed vesicles can then dismantle their coat and fuse to their target compartment delivering their cargo

(Bonifacino and Glick, 2004). The formation of the COPII vesicles starts with the activation of Sar1
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by Sec12. Sar1, as we mention in section 3.4, is able to bind the membrane thanks to its amphipathic

α-helix, and hence, it is able to start the bending of the membrane. This initial membrane deformation

allows the subsequent building of COPII coat, with the binding of Sec23/Sec24, which stabilize the

curvature initiated by Sar1 and serve as anchor point for Sec13/31 heterotetramers. These oligomers

form an icosahedric assembly, whose lattice is supported by Sec23/Sec24. The synergic action of this

multiprotein complex accomplish the global deformation of the membrane to form and stabilize the

vesicles (Fath et al., 2007; Stagg et al., 2008; Bi et al., 2002).

Conversely, the formation of COPI vesicles starts with the activation of Arf1 by its exchange-factor-

activator-GBF1 in the cis-Golgi. Arf1 activation leads to the formation of a coatomer made by several

subunits, which polymerize as in the case of COPII, in order to bend the membrane and start the

budding. The structure of the COPI coat is still unknown but microscopic studies show that it can

deform the membrane in a similar manner as COPII coat does (McMahon and Mills, 2004).

4.2 Membrane-curvature regulates traffic

Since the coat is an obstacle for the fusion of the vesicle with the target membrane, the deactivation

of Sar1 -in the case of COPII coats- and Arf1 -in the case of COPI coats- is essential to destabilize

the coats. The active state of these GTPase proteins is in their GTP-bound form. GAP proteins

(GTPase activating proteins) stimulate GTP to GDP hydrolysis, and therefore inhibit GTPase proteins

(Sar1 and Arf1, for instance). The GAP protein ArfGAP1 inhibits Arf1 in a membrane-curvature

dependent manner (Bigay et al., 2003). Antonny and co-workers have shown that ArfGAP1 begins

a rapid depolymerisation of the COPI coat when it is bound to liposomes of ~60 nm (Golgi vesicles

size). In contrast, ArfGAP1 presents a reduced activity when it is incubated with larger liposomes

(~180 nm) (Bigay et al., 2003) (Fig. 4.2 (b)). The same research group showed that this was possible

thanks to two motifs in ArfGAP1 , which they named ALPS (Amphipathic Lipid packing Sensor) (Fig.

4.2). As other amphipathic α-helices, they fold at the contact with the membrane (Bigay et al., 2003;

Mesmin et al., 2007; Bigay et al., 2005). Contrary to the Sar1 and Arf1 amphipathic α-helices, ALPS

do not induce positive membrane curvature but rather recognizes it (however, we cannot neglect the

role of the bilayer-coupling effect in this process) (Fig.4.2) . This recognition process is possible thanks

to some intriguing features found in ALPS motifs that I will describe with greater detail in the next

section. For the moment, it is important to mention that these special properties of ALPS helped the

identification, by bioinformatic approaches, of other ALPS motifs. Among them the exemple of ALPS

in the golgin GMAP-210 (Golgi microtubule associated protein) (Drin et al., 2007; Gautier et al., 2008)

resulted extreamly interesting. Some golgines are known to bind COPI and COPII vesicles to their target

membrane in order to help the vesicle-membrane fusion. For instance, GMAP-210 has a long coiled-coil

of around 200 nm that is ideal to bridge the vesicle membrane (curved) and the target membrane (flat).

Two ALPS motifs are in GMAP-210 at one extremity of the coiled-coil extremities where, as a dimer,

they bind to highly positively curved membranes (Fig. 4.3). The other extremity has a GRAB domain

(GRIP-related-Arf binding), which binds to the target membrane thanks to Arf1. As a result of these
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Figure 4.2: Membrane-curvature regulation of traffic by ArfGAP1 modified from Drin (Drin et al.,
2009).

two different extremities, GMAP-210 is able to link small liposomes to flat Arf1-containing membranes

(Fig.4.3) (Drin et al., 2008).

In the following sections I will discuss the nature of these ALPS motifs, their discovery and the

features that make them such an special case of membrane curvature sensor.

4.3 ALPS, a membrane curvature sensor

ArfGAP1 is a 415 amino acid cytosolic protein that associates in a dynamic manner with the Golgi ap-

paratus where it controls COPI coat cycling. The structure of the N-terminal region (1-128 aminoacids)

has been already determined (3DWD,PDBcode). This region forms the GAP catalytic domain, which

is built on a characteristic Zn-finger fold and promotes GTP hydrolysis on Arf1. Following this GAP

domain, and up to the C-terminus, the protein contains two ALPS motifs (Bigay, mesmin). Based on

sequence analyses and in vitro experiments, it was possible to characterize some of the ALPS special

features that allow it to sense the curvature (Bigay et al., 2003; Mesmin et al., 2007) (Fig.4.4) :

• ALPS are amphipathic α−helical motifs that can expand from 25 up to 36 residues approximately

• Their polar face is rich in uncharged small polar residues, serine and threonine (contrary to most

of the AH that bind the membranes)

• The hydrophobic face have mostly bulky aromatic residues

• Glycines can be found all along the sequence
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Figure 4.3: Membrane-curvature regulation of traffic by GMAP-210 (Modified from (Drin et al., 2009)).

Figure 4.4: ALPS1 and ALPS2 (a) position in ArfGAP1 sequence, (b) amino acid composition, (c)
helical wheels of their amphipathic α−helical structure (Taken from (Mesmin et al., 2007))
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• only few charged residues are present

4.3.1 ALPS discovery

Using liposomes with a lipid composition similar to that of the Golgi membranes (with DOPC as the

predominant phospholipid), Antonny and colleagues showed that ArfGAP1 activity was optimal when it

bound small vesicles (~60nm)(Bigay et al., 2003). Therefore, they proposed that ArfGAP1 contains a

region capable of recognizing vesicle curvatures. This specific recognition and binding will be followed

by Arf1 inhibition and the disassembly of the COPI coat (liposomes with radius <50 nm)(Bigay et al.,

2003; Antonny et al., 1997b) (Fig. 4.2 (b)). All these experiments led Bigay et al to identify the first

ALPS motif (ALPS1).

The discovery of ALPS, and all subsequent experiments on this system, has been possible thanks

to numerous experimental approaches that are currently applied in the field of liposomes research

such as flotation assays, GTPAse activity measurements, different fluorescence assays based on marked

liposomes, tryptophan fluroscence, circular dichroism (CD) experiments, etc. All ALPS features that I

will describe in further sections are the fruit of these experiments. For clarity, I will only focus on those

conclusions and experiments that are relevant for the discussion of my work.

4.3.1.1 Amphipathic alpha helix structure

Limited proteolysis experiments importantly contributed to the identification of the ArfGAP1 region

responsible for the recognition and binding to curved membranes. Furthermore, CD experiments1 on

ArfGAP1 incubated with small liposomes showed that the central region of this protein undergoes a

transition from an unfolded state in solution to an α-helical structure (Bigay et al., 2005). Thus, it

was suggested that ArfGAP1 recognizes curved membranes thanks to this central region that follows a

coupled process of partitioning and folding (Bigay et al., 2005) (Fig. 4.2 (a)).

4.3.1.2 Identification of ALPS2

Based on the physicochemical properties of ALPS1, Mesmin et al identified a second ALPS motif

in ArfGAP1 (ALPS2) (Mesmin et al., 2007). ALPS2 polar face is also very populated in serine and

threonine residues, but its hydropbobic face does not have many aromatic bulky residues (Fig.4.4).

When they compared the specificity and affinity of ALPS1 and ALPS2 to small liposomes, they observed

that ALPS2 had a weaker binding for curved membranes. However, they noticed that ALPS2 presence

renforces ALPS1 recognition of the curvature.

1The far-UV (170-250 nm) circular dichroism spectrum of helices exhibits a pronounced double minimum at ~208 nm
and ~222 nm. This kind of structure measurement is of very low-resolution. The most reliable experimental methods for
determining an α-helix involve an atomic-resolution structure provided by X-ray crystallography or NMR spectroscopy.
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Figure 4.5: Binding of (a)ALPSwt and (b) the triple-mutant LWF-A to liposomes of different sizes
(Taken from (Bigay et al., 2005)).

4.3.2 Importance of hydrophobic residues on lipid packing recognition

As we mention in section 2.4, most amphiphatic helices interact with the membrane thanks to charged

electrostatic interactions. Serine and threonine residues cannot establish charged electrostatic interac-

tions with the polar headgroups of the lipids. Therefore, ALPS recognition of curved membranes might

occur independently of these forces. Antonny and colleagues supposed that ALPS binding could be

driven mostly by the hydrophophobic interactions (Antonny et al., 1997a). To test this hypothesis, they

substituted some conserved hydrophobic residues by alanines (L207A, W211A and F214A, correspond-

ing to L12, W16, and F19 in this work). They found that individually, these mutations decreased the

ALPS motif affinity to curved membranes, although liposome binding was not significantly depleted.

Indeed, it was only the introduction of the three simultaneous mutations (L207A-W211A-F214A, the

triple mutant LWF-A) that considerably decreased the affinity to highly positive curved liposomes,

maintaining some degree of specificity though (Bigay et al., 2005) (Fig.4.5) . This mutated version of

ArfGAP1 showed to be mostly inactive whatever the liposome size. In consequence, it was suggested

that ALPS curvature strongly depends on the hydrophobic interactions.

It is worth to mention that there is no available data using CD experiments with the LWF-A mutant.

Thus, we do not know what would be the structure of the mutant in solution nor with liposomes. Even

if it is expected to have a more helical content because of the presence of the alanines, this effect has

not yet been confirmed experimentally.
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4.3.3 ALPS binding does not depend on charged electrostatic interactions

To confirm the hypothesis that the hydrophobic residues were the principal responsible of ALPS cur-

vature recognition, Drin et al performed some experiments using different mutants where the hydroxy-

lated residues found in ALPS sequence (serine and threonines) were substituted by positively charged

residues (lysines) (Drin et al., 2007). The position of the mutations was guided by other studies on

model membrane-absorbing amphipathic helices (Mishra et al., 2008) and depending on the position of

the residues on the amphipathic diagram wheel. This diagram suppose an amphiphatic helix as a rigid

tube divided in two perfectly well differentiated polar and hydrophobic faces (Fig.2.10).

Four mutants were designed based on this perception of the amphipathic helix. The mutant 2Ki

(S206K and T215K) and 4Ki (S206K, Y208K, S213K and T215K) include two and four lysines mutations

respectively (Fig.4.6(a)) (placed in supposed favorable positions). These mutants were made based on

the “snorkel model” (Mishra and Palgunachari, 1996). According to this model, a lysine at the border

of the polar and hydrophobic face of the amphipathic helix is well suited for membrane interactions,

as this combines both a favorable hydrophobic interaction through the long carbon chain of the lysine

and a favorable electrostatic interaction through the ε-ammonium group. In a third mutant, the 2Kt

(S205K and T216), the lysines were positioned at the center of the polar face, a location that should be

less favorable for these residues to interact with the membrane. Finally, the 4Ki/4Et mutant includes

four interfacial lysines (at the same positions as mutant 4Ki) as well as four glutamates in the center

of the polar face (in the same positions as mutant 2Kt plus S209E and S212E) and has the design of

an archetypal zwitterionic amphipathic helix2. The net charge of this helix is the same as that of the

wild-type form, but the presence of numerous negative and positive residues could promote membrane

interaction because these residues are distributed in a manner that matches the charge distribution at

the membrane interface (Drin et al., 2007) (Fig.4.6) .

As compared with the wild-type form, all mutants appeared less sensitive to liposome radius. Drin

and co-workers attributed this decrease in affinity to their more efficient binding to large liposomes. The

mutant 2Kt, which is the only mutant that contains no interfacial lysines, has a substantial affinity to

liposome size whatever the assay considered. The 2Ki mutant showed to be almost totally insensitive

to membrane curvature, whereas a weak effect on liposome size binding was observed on 4Ki and

4Ki/4Et (Fig.4.6(b)). All mutants showed an increase in helicity (compared to the soluble peptide)

upon liposome binding, suggesting that their membrane adsorption is coupled to the folding of the

ALPS motif into an α-helix. However, the CD spectra of the 2Ki and 4Ki/4Et mutants suggest some

degree of α-helical content in solution and have less helical content than ALPSwt when they are bound

to the liposomes (Fig,4.6(c)). They interpreted these results suggesting that the partial folding of these

mutants may contribute with their insertion in the membrane. When the activity of ArfGAP mutants

was tested, the difference observed in the rates of GTP hydrolysis and COPI disassembly between large

and small liposomes was greatly reduced compared with the wild-type. However, the rates of the 2Ki,

4Ki and 4Ki/4Et mutants were difficult to compare (Drin et al., 2007). We will discuss, at the light

of the MD simulations I performed for this thesis, one of the possible reasons why this could have

2Based on the works of (Mishra et al., 1995; Mishra and Palgunachari, 1996)
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Figure 4.6: Experiments with different mutants of ALPS at the polar face showing (a) ALPS sequence
and the wheel diagram of each of the mutants (b) the binding of each mutant to different liposome
sizes and (c) the CD spectra of each mutant measured at teh binding to the liposomes. (Taken from
(Drin et al., 2007))
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happened. Nonetheless, these mutations confirmed that the presence of charged residues in the polar

face of ALPS decreases the specificity and affinity of binding to small liposomes (Drin et al., 2007).

Therefore it was clear that the introduction of lysines at the polar-non-polar interface of ALPS motif

enhances the interaction of ArfGAP1 with large liposomes and consequently reduces the influence of

membrane curvature. To summarize, ALPS motifs, compared to classical amphipathic helices, do not

have a superior affinity for curved membranes but rather a unexistent adsorption to weakly-curved

membranes. Indeed, the introduction of only two interfacial lysines (2Ki mutant) strongly decreases

the specificity for curved liposomes. Therefore, the lack of positively charged residues in the polar

face of ALPS motif seems to be the key to ensure an absolute low binding to flat, negatively charged

membranes.

4.3.4 Dependence on lipid composition

As I mentioned previously, the curvature of the membrane depends also on the lipid composition.

The binding of ArfGAP1 to model lipid membranes and its activity are remarkably sensitive to lipid

composition. The key bilayer parameter governing the adsorption of ArfGAP1 to membranes is lipid

packing, which is the physical parameter I discuss in sections 2.1.2 and 3.1.2, that depends on the

shape of lipid molecules and on the curvature of the membrane.

A former research about ArfGAP1 function that used unilamellar vesicles, showed that ArfGAP1

(and Gcs1p, the yeast homologue) binding and activity improves with the presence of conical-shape or

monounsaturated lipids (Antonny et al., 1997b). These experiments showed that if a constant liposome

radius is maintained using systematic variation of the vesicle composition and synthetic lipids of strictly

defined acyl chains, then ArfGAP1 activity increases when the size of the polar head decreases (PC >

PE > PA > DAG)3 and when the number of monounsaturated acyl chains in DAG or in PC increases

(C16:0-C16:0 > C16:0-C18:1 > C18:1-C18:1) (Fig.4.7(a and b) see de schematics of the size of polar

heads and acyl chains at the bottom of the plots) . Therefore, if conical lipids (e.g. dioleolylglycerol)

are introduced at the expense of cylindrical lipids (e.g. phosphatidylcholine or PC) ArfGAP1 binding

to membranes is enhanced (Antonny et al., 1997a). These results encouraged them to propose that

ArfGAP1 is able to recognize the lipid packing defects that resulted from different membrane lipid

compositions (Antonny et al., 1997b). Conversely, when the liposome composition is kept constant,

the activity of ArfGAP1 increases with liposome curvature (Bigay et al., 2003). They concluded that

ArfGAP1 recognizes the defects in lipid packing that appear when the curvature of the membrane

exceeds its spontaneous curvature (Bigay et al., 2003). Moreover, in further experiments, they showed

that the presence of negatively charged headgroups of PS (at expenses of PC) did not enhance the

recognition of highly curved membranes by ALPS (Bigay et al., 2005) (Fig.4.7 (c)). This confirmed

that ALPS recognition is independent of charged interactions. Additionally, Drin performed several

experiments to test the activity of ArfGAP1 with all the lysine mutants under different lipid geometry

conditions. He demonstrated that the changes on acyl chains monounsaturation content (replacing

3See Fig. 2.1 for guidance about the size of the polar head
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Figure 4.7: Lipid composition and packing affects ALPS binding and therefore ArfGAP1 function (a)
GTPase activity of ArfGAP1 as a function of changes in the lipid packing at the level of (a) the polar
heads and (b) the acyl chains (changes in degree of saturation). (c) Binding of ALPS to liposomes
of different sizes in response to the introduction of negatively charged (PS) phospholipids. (Modified
from (Antonny et al., 1997b; Bigay et al., 2005)).
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POPC4 by DOPC5) and/or the size of the headgroup (DOPC by DOPE6) (see Fig. 2.1 for guidance)

enhanced the activity of ArfGAP1 and the mutants (Drin et al., 2007). These experiments suggested

that, when there is not possibility of establishing charged electrostatic interactions with the membrane

-due to the lack of anionic lipids- , the lipid packing governs the adsorption of all mutants, making

them potential sensors of membrane curvature.

4.4 Model of ALPS curvature recognition

In the current accepted model that explains ALPS curvature recognition, ALPS binds to highly positively

curved membranes thanks to its hydrophobic residues (Fig.4.2 (a)). During this binding ALPS undergoes

a partitioning-folding couplig process leading to an amphipathic α-helix once adsorbed in the membrane

interface. Inserting its hydrophobic residues between lipids, ALPS is capable of recognize defects in

lipid packing that result from the mismatch between the actual curvature of the membrane and lipid

geometry (Drin et al., 2007; Bigay et al., 2003, 2005; Antonny et al., 1997b). ALPS binding is mostly a

consequence of hydrophobic interactions and that does not need the influence of charged electrostatic

interactions. Indeed they low number in the sequence contribute to maintain the binding of ALPS to big

liposomes at their minimal level. Hence, throuth this motif ArfGAP1 can recognize when a vesicle have

reach its optimal size, an then activate Arf1 to start the coat depolymerization (See Fig.4.2) (Fig.4.2

(b)).

4.5 ALPS-like motifs are present in numerous proteins

Several proteins that use ALPS-like motifs to sense membrane curvature were found recently by screening

the yeast and human sequence databases (Drin et al., 2007; Gautier et al., 2008). Gautier created a

webserver, known as Heliquest (Gautier et al., 2008), in order to identify sequences of approximately 18

amino acids that matched an α-helix structure and that showed the general features of ALPS motifs.

To do so, the program calculates the hydrophobicity of the protein region, the hydrophobic moment

(which quantifies the amphipathicity), the number of serine, threonine and glycine residues and the

number of charged residues. To refine the search, some geometrical rules were added so the program

can reject, for example, sequences that seem amphipathic according to the hydrophobic moment but

that actually include a polar residue right in the middle of the hydrophobic face. A sequence can be

selected when it meets all the parameters established on the basis of ALPS1 and ALPS2 compositions

and structure. Thus, the Heliquest program would only select sequences containing a minimum of

seven serines, threonines or glycines, a maximum of three arginines, lysines, aspartates or glutamates,

and a net charge between –1 and +2. Glycines were considered with serines and threonines because

they are small and neutral, and provide conformational flexibility. Since ALPS2 has also valines and

4with one monounsaturatedacyl chain
5with two monounsaturated chains
6conical lipid with small headgroup, ethalonamide
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isoleucines in its sequence, Heliquest considered all hydrophobic amino acids and not only aromatic

hydrophobic residues. After screening the yeast and human sequences database, around 200 putative

ALPS motifs were detected. The motifs are present in proteins with a broad range of functions. Among

these proteins, the golgin GMAP-210 (already mentioned in this chapter) (Drin et al., 2007, 2008),

the nucleoporin Nup133 and the sterol-binding protein Kes1p are the more notorious examples. Since

amphipathic helices are frequently found in structural domains, probably ALPS-like motifs are over-

estimated using this methodology and in fact, only few of these detected motifs truly correspond to

motifs engaged in membrane interaction. Therefore, it would be suitable that the list of potential ALPS

motifs is examined in detail using further structural and functional information.

4.6 Main interests of the present work

Among an increasing number of lipid-binding domains, a group that not only binds to membrane

lipids but also changes and sense the shape of the membrane has been found. These domains can

be characterized by their strong ability to transform liposomes as well as flat plasma membranes into

elongated membrane tubules or can be extreamly efficient sensor of the different shapes. Biochemical

studies on the structures of these proteins have revealed the importance of the amphipathic helix, which

potentially intercalates into the lipid bilayer to induce and/or sense membrane curvature. Bioinformatics

in combination with structural analyses has been identifying an increasing number of novel families of

lipid-binding domains or potential candidates. Most of the studies related to these membrane-shape

related proteins have been focus in the generation of the curvature and less attention has been put on the

mechanism of curvature sensing. Thus, this fascinating subject remains less studied and less understood.

However, recently its is becoming more evident the importance of adressing the question of curvature

sensing. Given the form of the amphipathic helix, the increasing examples of amphipathic sensor motifs

or the existence of many lipid-binding motifs of different nature also implicated in membrane curvature

sensing, the question has been raised about if the curved membrane is responsable of the recruitment

of different “adaptors” to its lipid-packing defects (as has been propose by Hatzakis (Hatzakis et al.,

2009), or if the proteins have special sensor capabilites. The increase in computational power would

help to dilucidate these crucial questions in atomic detail using vesicles, for instance.

I believe, that we cannot set the problem in a simplistic way. The membranes are dynamic systems

and the proteins as well. The adaptation of these two entities when they get in contact must be synergic.

I profoundly dout that we will be able someday to discriminate one effect from the other. Moreover, the

fact that curvature sensors with so special features, such as ALPS, may exist in a wide range of proteins,

makes ALPS a very interesting and challenging research subject. Understanding the atomic details of

ALPS and membrane interactions may provide unvaluable insights about ALPS properties and its way

of action, as well as how the membranes respond to ALPS. How ALPS reacts to a lipid environment?

What kind of interactions it establishes with the lipid polar heads and acyl chains? As we mentioned

before, the composition of the bilayers determines the lipid packing, how is this affected by ALPS or how

ALPS responds to the inhomogeneous landscape of the bilayer? And how the properties of the bilayer



CHAPTER 4. REGULATION OF VESICULAR TRANSPORT BY MEMBRANE CURVATURE 53

are altered, or changed in a way that contribute to the sensor capacities. Is there generated a local

curvature that potentiate the sensing power, of is the order and fluidity of the membrane contributing

in some way also. Our research aimed at solving some of these essential questions using Molecular

Dynamics simulations, and providing the atomic detail not yet accesible experimentally.

The story you are going to read in the further chapters was possible thanks to a bioinformatician,

Romain Gautier, who works in Bruno Antonny’s lab, an experimentalist environment. In the work they

made together “A general amphipathic alpha-helical motif for sensing membrane curvature” (Drin et al.,

2007), Gautier designed the program that predicts ALPS-like motifs, which offered new possibilities to

adress some essential questions about amphiphatic sensors. This also showed the relevance of an inter-

disciplinary work between the experimentalist and the theoricians. Following this philosophy, Gautier

proposed to Antonny a collaboration with our lab, aiming at pursuing molecular dynamics simulations

on this kind of curvature sensors. This thesis is hence the beginning of a promising adventure using

molecular simulations to understand ALPS and dilucidate some general aspectes of the amphipathic

helices implicated in the sensing of the membrane curvature.

In the following chapter, I will discuss some methodological ascpects, the principles of Molecular

Dynamics simulations. I will also exposed some considerations of today’s capabilities in membrane

simulations and the pertinence of the simulations described in this work.



Chapter 5

Molecular Dynamic Simulations

In theoretical chemistry, Molecular mechanics modeling is the discipline that allows accessing the atomic

details of condensed phases thanks to the application of physical, mathematical and statistical repre-

sentation models. This discipline includes different techniques such as the Stochastic Dynamics, and

Molecular dynamics (MD). In the case of MD we construct a physical model based on experimental

information (i.e high-resolution structures of the molecules, or using physical parameteres derived from

experiments). The application of statistical physics to this model means that we try to link the reality

to a simplified but accurate representation to explain that reality. Thus, the simulation of this model

during time offer notions about the probablility of an event to succed. As an analogy, by doing MD we

are like climatologists that predict a sunny day in Paris thanks to a complex model that represents the

weather1.

Molecular dynamics (MD) simulations numerically investigate the motions of a system of discrete

particles under the influence of internal and external forces. The spectrum of possible applications based

on this approach is broad, ranging from atoms in a molecule to stars in a galaxy (Karplus and Petsko,

1990). The underlying principles are the same: interactions of the respective particles are empirically

described by a potential energy function from which the forces that act on each particle are derived.

Knowing all these forces we can calculate the dynamic behavior of the system using classical equations

of motion for all the atoms in the system.

5.1 Simulations of membranes systems

Thanks to computer simulations it is possible to support conceptual hypothesis such as the hydrophobic

mismatch between lipids and TM segments of the proteins, or to construct interpretations and propose

new predictions about different mechanism, such as the membrane bending or the curvature sensing.

Computer simulations can also be very useful to propose new and more adapted experiments. Providing

dynamics at an atomic level of detail, these simulations facilitate the interpretation of experimental data

1Some other predictions can be then be formulated, such as that all parcs will be crowded of people doing picnics!
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and give access to information not easily obtained with in vitro experiments.

As I have made reference in the last chapters, today it is possible to simulate membrane systems

at different scales. The space scale of the phenomena analyzed is correlated with the time necessary

to simulate the event of interest. Computer simulations in membranes are very useful for the study of

different phenomema that take place at different microscopic scales. Since their application to atomic

systems by Alder in the late 1950s (Alder and Wainwright, 1959) and their first application to a protein

structure by McCammon in the 1970s (McCammon and Karplus, 1977), MD simulations have become

a common tool to investigate structure–activity relationships in biological macromolecules. Moreover,

since the first simulation of a membrane-embedded peptide by Woof in 1994 (Woolf and Roux, 1994)

and an integral membrane protein (the bacteriorhodopsin) by Edholm in 1995 (Edholm et al., 1995),

molecular dynamics simulations of membrane proteins have become an important research field.

In order to understand the general principles of membrane organization, it has been mandatory

to perform simulations of phospholipid bilayers with a pure composition (i.e just DOPC) or simple

mixtures and study the properties of the membrane alone without any proteins embedded on it. The

former works on lipid bilayer simulations goes back to the early 1980s (Ploeg P van der, 1982; Berendsen

et al., 1986; Berendsen and C., 1987). During the last years, significant progress in this domain have

allowed the simulations of membranes containing hundreds of lipids during simulation times on the

order of hundreds of nanoseconds and to few microseconds.

The aim of Molecular dynamics simulations is to obtain an atomical scale representation of a

phenomea of interest. This can be done in several ways that include the physical and physicochemical

properties of the atoms that compose the molecules implicated in the process. These representations

can mainly consist of all-atoms models, united-atoms models and coarse-grained models. In principle a

model that include all the atoms will be more detailed than an united-atoms or coarse-grained model.

The selection of each kind of model depends on the time scale at a particular phenomena take place,

and the size of the system to simulate (Fig.5.1 ). I will explain this in mored detail in section 5.3.

The first simulations of lipid bilayers were made with united-atoms models of the lipids where each

aliphatic carbon with associated hydrogens is described by a single particle with the approximate physical

characteristics of a methyl, methylene, or methine group (Berger et al., 1997). This is a level of detail

somewhere between fully atomistic descriptions and some of the coarse-grained approaches that have

been developed over the years (Monticelli et al., 2008; Marrink et al., 2007; Clementi, 2008). When

hydrogens are treated explicitly, the number of atoms per lipid approximately triples, and the number

of pairwise interactions in the membrane becomes much higher. That is also the case when the coarse-

grained models are use, where an amino acid can be represented by for instance a bead that represent

the peptide bond, and another (or two depending on the size and properties) that represent the side

chain. The computationally inexpensive united-atom lipids reproduce experimental behavior reasonably

well. Ultimately, an all-atom force Field should be more accurate, but despite some discussion in the

literature we do not have reached the point yet where the united-atom approximation is the limiting

factor in accuracy for most purposes. Processes such as lipid autoassembly, lipid phases transitions, or

vesicles, may need an enourmous quantity of atoms and long times of simulation. In consequence, the



CHAPTER 5. MOLECULAR DYNAMIC SIMULATIONS 56

Figure 5.1: Simulation methods and the size of the phenome they can represent and the time of
simulation necessary.
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coarse grained models have became the optimal choise.

It has been therefore possible to calculate membrane parameters such as the lateral diffusion co-

efficient, which needs long times of simulations to equilibrates (Anezo et al., 2003). Simulations on

membranes of different sizes have provided a first view of phenomena like membrane undulation (Lin-

dahl and Edholm, 2000). MD have turned out to be very useful to address questions related to larger

scales process such as the autoassambly of membranes (Marrink et al., 2001), the phase transition

(Marrink and Tieleman, 2001), and the formation of rafts and lipid domains (Risselada and Marrink,

2009, 2008; Niemela et al., 2009), or even, very recently, to the formation of vesicles (Risselada and

Marrink, 2009; Yefimov et al., 2008). Autoassembly of phospholipids to form a bilayer can take some

dozens of nanoseconds (Marrink et al., 2001), whereas the formation of some vesicles can take longer

than 100ns ((de Vries et al., 2004b). The formation of pores by the action of antimicrobial peptides

or by the influence of an electric field or a mechanical stress has also been simulated (Monticelli et al.,

2004; Robertson and Tieleman, 2002; Tieleman et al., 2001b; Yefimov et al., 2008). The simulation of

mixtures of lipids as we mentioned before is en emerging field as well.

5.2 When to use simulations

Prior to approach a specific problem in membrane-protein biology using simulations, it is worthwhile

to think carefully to some primary questions, for instance, whether the problem to be investigated is

accessible by MD and whether the simulations are practical or likely to deliver interesting and informative

results. Other important questions are related to the time scale and the system size (mentioned in the

previous section): in function of the size of the system and the computational power, one must wonder

whether the time scales reachable by MD simulations are enough for the particular system of interest.

Lastly, it is important to consider whether there is further experimental data available that can be used

for validating simulation results.

If simulations seems an appropriate approach, additional questions arise related with the model2 to

use to simulate the system. Among them, whether there are appropriate starting structures available,

or whether computational models of the lipids of interest exist, or do they have to be developed (useful,

but a substantial effort). Another issue is whether there is a parameter set that adequately describes

the lipids and protein of interest. Since many membrane proteins are sensitive to the lipid environment,

they may be critically affected by the membrane model used (Feller and Gawrisch, 2005). Finally,

the choice of the software to use depends on the problem at hand, the availability of local expertise,

computational facilities, and other factors, such as whether there is enough computer time available for

the planned simulations.

In our particular case we decided to use GROMACS version 3.3.3 (Spoel et al., 2005; Berendsen,

1995; Lindahl, 2001), a popular, freely available, and relatively user-friendly set of programs for MD

simulations (rather good scaling). We carried out our simulations using two (in-house) dual CPU (Quad

2the starting structure obtained from an structural database, by homology modeling, etc. and the way of representing
the molecule (all-atoms, Coarse-grains).
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Core Intel Xeon 2.0Ghz q) computers and at the « Mesocentre de Calcul – SIGAMM facility » (using

6 dual CPU (Quad Core Opteron 2.3 GHz) with Infiniband interconnects) at Observatoire de la Côte

d’Azur, achieving approximately 4ns/day for a system size ~50,000 atoms.

5.2.1 Simulation capabilities on membrane systems

The studies about ALPS motifs are centered in the recently emerged domain of the membrane-curvature-

related proteins. They represent a very interesting area of study from both cellular and MD perspectives.

ALPS essential properties (recognition of curved membranes and the partitioning-folding coupling)

denote some of the most challenging issues in today’s molecular dynamics field.

Here I will quickly review what is the current state of MD simulations in membrane systems.

Particle based simulation studies traditionally have been looking at small planar membrane patches

artificially extended to quasi-infinite size by the use of periodic boundary conditions (see section5.4.1).

This periodicity make possible the study of bulk systems facilitating calculations and avoiding vaccum

in the system surroundings that will lead to unrealistic simulations. In a system with a finit size,

particles moving towards the boundary of the shell experienced an attractive force, more they get

close to the boundary and more they experience a repulsive force that creates surface tension at the

boundaries affecting the membrane physical properties. Moreover, in membrane simulations under

periodic boundary conditions, it is not possible to truncate the periodicity of these patches in order

to curve them, using classical MD methods (Wang et al., 2008). In order to observed for instance

membrane undulations and bending, larged patches are need. The simulation engine is design to iterate

periodic conditions by translations and therefore it is difficult to simulate a spherical symetrical system.

Recently the simulations of vesicles is starting to be possible thanks to other ways of compensate the

surface tension created at the boundaries of finite size systems, such as the Mean Field Force Potential.

However, even the smallest vesicle simulation already needs near 1,000 lipids and substantially more

water molecules per lipid than in bilayer systems, resulting in an until recently challenging number of

particles. Furthermore, vesicles autoassembled are not necessarly equilibrated and hence, expensive

simulations in time and in computational resources are needed. Even recent simulation studies using

coarse-grained (see section 5.3) models on vesicles concern vesicle sizes not exceeding the limit size

of the vesicles used in vitro with radius up to 30 nm (Yesylevskyy et al., 2009; Yefimov et al., 2008;

Risselada and Marrink, 2009, 2008). This condition already restricts the possibility of simulate ALPS

binding to vesicles of different radius.

Although some works exist where the partitioning-folding coupling process has been simulated in

explicit lipids, are routinely not feasible due to a very high computational cost (Ulmschneider et al.,

2006, 2007; Ulmschneider and Ulmschneider, 2008, 2009). Moreover some of these works have proven

to need long times of simulations at high temperature. Furthermore, the free energy of insertion of

a single peptide into a membrane was estimated to be ~75 kJmol-1, which suggests that the sponta-

neous penetration of single peptides would require a timescale of at least seconds to minutes which

is computationally unreachable, and thus free energy techniques like umbrella sampling are necessary

(Yesylevskyy et al., 2009). Moreover, today’s most used coarse-grained force fields are not yet capable
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to simulate conformational changes or folding process (Monticelli et al., 2008; Marrink et al., 2007),

although some examples of protein folding coarse grain models are under development (Clementi, 2008).

In the next sections I would like to describe the decisions we made to simulate ALPS-membrane

system and detail some important aspects for understanding the setting up and running of MD simu-

lations.

5.3 Force Fields

The behavior of a particle system composed by atoms, nuclei, protons and electrons is in principle best

described by quantum mechanics. All other descriptions at a superior level, as atoms or molecules

instead of nuclei and electrons, where classical mechanics applies instead of the quantum mechanics,

are approximations. These approximations can be classified based on the detail they make possible to

assess, from the atom to the macroscopic scale. Each level of approximation makes possible to describe

new properties of the system with a better calculation efficiency (calculation times) and traitability.

In MD models, a molecule consists on a group of spheres (the atoms) with mass, size and charge,

linked by springs (covalent bonds) that get the bonds to their most stable length after a deformation. In

molecular dynamics, three approximations are important, the velocity of the particles is weak compared

to the light velocity, and the electron movements are faster than nuclei movements (Born-Oppenheimer

approximation ), therefore, the movement of atoms can be described by classical mechanics.

This ensemble of spheres and springs are characterized by the force field. All the properties of each

atom in a force field are parameterized based on experimental data or in silico calculations by quantum

mechanics. The physical interactions between the atoms (steric hindrance, hbonds, etc) are taken into

account in the calculation of the potential energy.

When we model a system, three choices have to be made: the degrees of freedom that are going to

be explicitly simulated and the degrees of freedom that will be implicitly incorporated in the function that

describes the interactions between the explicit degrees of freedom; second, the choise of the integration

function for the treatement of the interaction energy between the explicit degrees of freedom; and

thirth, the choise of the method for the conformational sampling, for simulating the movement base on

the explicit degrees of freedom (i.e. MC, MD, etc.).

The force field plays a very important role, since it represents the set of parameters that describe the

model we want to simulate. So it can be considered as the primary assumption in MD simulations. There

are many different force fields, but currently there are only four widely used force fields for simulating

biological macromolecules: AMBER (Cornell et al., 1995), CHARMM (Mackerell, 2004), GROMOS

(Oostenbrink et al., 2004) and OPLS (Jorgensen et al., 1996). In the case of proteins all these force

fields have been tested and compared yielding approximatly good agreements with experiments but

despite remaining sampling issues, a number of distinct trends in the folding behavior of the peptides

emerged. Pronounced differences in the propensity of finding prominent secondary structure motifs in

the different applied force fields suggest that problems point in particular to the balance of the relative

stabilities of helical and extended conformations. For instance, in AMBER force field the conformational
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space was quickly explored and did not critically depend on the initial structure. The GROMOS96

force fields has revealed an underestimation of propensity for sampling α-helical conformations in the

simulations. While the GROMOS43A1 version exhibit a significant disparity that is the considerable

amount of π-helix, which was not found in the other force fields. The OPLS force field in turn, provided

superior results when representing the folded state. However, the chosen initial conformations affected

the sampled structural ensembles considerably. These remaining differences emphasize the importance

of continuous force-field development and refinement (Matthes and de Groot, 2009).

Phospholipids are a subset of biomolecules that have received considerably less attention than

proteins or nucleic acids. There are only two phospholipid force fields commonly used today, although

additional sets have been developed recently (e.g. (Chandrasekhar et al., 2003)). The first commonly

used lipid force field is part of CHARMM; the second is based on an older version of OPLS and AMBER

with some additional parameters from Berger et al. in combination with GROMOS rules(Berger et al.,

1997; Lukas D. Schuler, 2001). Some improvements have been done with CHARMM lipids force field

making possible the simulation of membranes with out surface tension. These new properties have

made it to approximate more accuratly the experimental data. However, parameters from Berger et al.

in combination with GROMOS rules reproduce better the membrane properties even if neither of both

force fields approximate the experimental data with the experimental error (Taylor et al., 2008).

Berger lipids are described by a united-atom force field as we previosly mentioned. However, recently

Berger lipids have been reparametrized to represent all-atom models (Monticelli, Personal communi-

cation; Tieleman et al., 2006). When hydrogen are treated explicitly, the number of atoms per lipid

approximately triples, and the number of pairwise interactions in the membrane becomes much higher.

Therefore, the consideration of all the atoms limits the possibilty to simulate large-scale phenomena. It

would very long to simulate the formation of vesicles, for instance, with all-atoms lipids. The construc-

tion of force fields that consider for example an amino acid as a single bead, the called Coarse grained

(CG) force fields, have proven to be very useful to simulate this and other large scale phenomena.

Significant progress has been made in developing modern protein force fields, based on a compar-

ison with high-level quantum mechanics and high-resolution experiments on soluble proteins, but it

is challenging to obtain accurate experimental data to validate and improve lipid models. There is

also the problem to simulated mixtures of lipids. The situation is even more complex for lipid–protein

interactions compared to pure lipids, because experiments on membrane proteins and peptides typically

have a significantly lower resolution than in solution (i.e. to determine high-resolution structures of

the membrane-proteins they are solved in detergents and not in lipids). In addition, from a simula-

tion point of view, critical tests are difficult due to the long simulations required. For now, the most

straightforward approach to membrane protein simulations involves directly combining mathematically

compatible protein and lipid force fields, and this approach has yielded useful insights into membrane

protein behavior (Ash et al., 2004; Gumbart et al., 2005).
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Figure 5.2: Parameters considered to asses the potential energy

5.3.1 Energies

I have already mentioned that the objective of molecular dynamics is to approximate the energy of

a molecule applying mechanic laws. The principle of force field isto take into account the electronic

motions implicitely and calculate the energy of a system as a function of the nuclear positions. The

force field methods offer the possibility of assessing structural and thermodynamic properties of many

molecules. The atoms are represented by punctual charged masses and the potential energy is in general

expressed by the additive internal contributions between bond atoms, and external contributions of the

non-bound atoms.

The potential energy role is to reproduce faithfully the interactions on the system. It is expressed

as the addition of all the contributions ( Fig.5.2 ) :

Epot = Ebond + Eangle + Edihedral + Eimproper + EV dW + Eelectrostatic (5.1)

The interactions between bond atoms correspond to the covalent energy of the system. It is applied

to the atoms that are closer than 3 bonds. The interactions between the non-bound atoms include the

van der Waals energy and the coulombic energies. The improper term correspond to the angles that

allow to define a bond out of the plane (i.e. it maintains the atoms from a cycle in the same plane).

Two aspects are important for a force field in order to reproduce the interactions of the system:

1. Each force field needs accurate parameters for all the interactions in the system,

2. The force field needs an analytic expression (associated to the parameters) that allow the calcu-

lation of the potential energy.

Therefore, every force field is a set of parameters that define each atom and a set of equations that

define how the energies must be calculated.

Many force fields are available as well as many ways to define the potential energy (Epot). In

this work we decided to use the force field OPLS-all atoms (OPLS-aa)(Jorgensen et al., 1996) (which
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Figure 5.3: Schematics of the parameters that determined the bond interactions of the molecules

contains parameters for all the atoms of the proteins3) for simulate ALPS. For the lipids we used some

parameters adapted from the Berger united atoms parameters (Berger et al., 1997)4, which have been

modified in order to work in combination with the all-atom OPLS-AA force-field (Tieleman et al., 2006).

This force field allow the calculation of the potential energy according to the philosophy in the program

Gromacs (Spoel et al., 2005; Lindahl, 2001). Gromacs assess the Epot based on the positions of the

atoms, expressed as a function of the bond length (b), the valence angles (θ), the dihedral angles (ω),

the improper angles (Φ) and inter-atomic distances (rij). in the following way:
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This expression allows to characterize the system based on their relative coordinates and not based

on their orientation or position in space. The terms related to the covalent bonds and their angles are

described by harmonic potentials, which consider the energetic cost of bond and angles deformations

with respect to reference ideal values (Fig.5.3 ).

The electrostatic interactions, in turn, describe the interactions between charged particles, where the

electric force of interaction is proportional to the value of each charge and inversely proportional to the

distance that separate those charges (Fig.5.4 (b)). Finally, the van der Waals interactions correspond to

dispersion forces. These forces consider that even for a mean neutral distribution of charges there exist

3compared to other force fields that have parameters for united-atoms or coarse grained force fields, which can represent
an aminoacid, for instance as just one bead with specific properties

4Which were conceived to work with the force field Gromos
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Figure 5.4: Schematics of the (a) vdw and (b) electrostatic parameters

instantaneous dipole moments associated to the temporary fluctuations of the electronic distributions.

Those dipole moments generate induced dipoles in their surroundings. The instantaneous dipoles and

the induced dipoles are then attracted by the law 1
r6 . Nonetheless, this attraction is compensated

by a strong short-distance repulsion ( 1
r12 ). Both terms are combined in the Lennard-Jones potential

(Fig.5.4(a)).

The force field used is pair-additive. This means that all non-bonded forces result from the sum

of non-bonded pair interactions. Non pair-additive interactions, the most important example of which

is interaction through atomic polarizability, are represented by effective pair potentials. Only average

non pairadditive contributions are incorporated. This also means that the pair interactions are not

valid for isolated pairs or for situations that differ appreciably from the test systems on which the

models were parameterized. Inpractice the effective pair potentials are acceptable. But the omission of

polarizability also means that electrons in atoms do not provide a dielectric constant as they should.

For example, real liquid alkanes have a dielectric constant of slightly more than 2, which reduce the

long-range electrostatic interaction between (partial) charges. Thus the simulations will exaggerate the

long-range Coulomb terms. The application of long-range interactions cuttof compensate a little this

effect, as I will discuss in section 5.4.3. The proper treatement of the long-range interactions can also

be important when claculating the dielectric constant.

5.4 Principles of MD simulations

During MD simulations, based on a physical model defined by the parameter of the force field, and

the representation of the selected potential energy, the Newton laws are applied in order to propagate

the molecules in the phase space, defined by their positions and the velocities of their atoms.This

way we obtain trajectories that we use to evaluate the statistical and dynamic properties temporally
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Figure 5.5: Leap-frog alghorithm representation (a) and typical vibrational frequencies in molecules (b).

averaged, that can coincide with the statistic averaged in simulation times, long enough to simulate the

phenomena in question . For biomolecular systems, a discrete time step of few femtoseconds is used,

with typical simulations consisting of millions of steps.

Molecular dynamics assess the forces exerted on each atom and provide divers information about

their trajectories (position and velocity as a function of time). The force Fi(t) exerted on an atom i

with coordinates ri(t) in time t is determined by the deviation from the function of the potential energy

V :

Fi (t) = −
∂V

∂ri (t)
(5.3)

Fi = mi

∂2ri

∂t2
, i = 1 , . . . , N. (5.4)

Considering a small range of time, it is possible to integrate the equations of movement and obtain

a trajectory of each atom over time. To do this, Gromacs uses the leap-frog algorithm (Hockney&

Goel, 1974) (Fig.5.5) based on a Taylor expressioon. Knowing the position and the velocity of each

atom at time t, it is possible to determine those values at time t + ∆t. The size of ∆t (time step)

must allow to describe physical phenomena of the molecule such as bond vibrations: as ∆t get shorter,

the calculation is more accurate but it takes longer. In consequence it is imperative to find the good
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Figure 5.6: Schematics of the periodic conditions and minimum image convention

compromise between precision and rapidity (Fig.5.5). This implies that the time of steps of integration

of the movement equations must be one order of magnitude (10 or 20 times) smaller than the highest

frequencies of vibrations of the system. The time step is therefore between 1 and 2 fs (femtoseconds).

Furthermore, the leap-frog algorithm needs to know the initial velocities in time t = t0 − ∆t
2 . If

these data are not available, random initial velocities are generated using a Maxwell distribution for a

temperature T and assigned to each atom.

5.4.1 Periodic conditions

Since in MD the system is contained in a simulation box, it has a finite size that induces some problems

related with the border effects at the interface with the vacuum surrounding it. That means that the

molecules at the border of the box do not have the same environment than the other molecules. In

order to minimize these effects, periodic conditions are applied that allow to simulate an environment of

infinite size. Each box containing the system is surrounded by replicas of this same box, and everything

that happens in one box, happens in the replicas. The movement calculations are only done in the

central box but considering the interactions with the neighbor replicas (Fig.5.6). This is the minimum

image convention that supposes that each atom interacts with at most one image of every atom and

approximates isolated-molecule or cluster calculations . The periodicity allow the speed up of calculation

of the interactions and therefore of static and dynamic properties of the system. Between the static

properties are the elastic constant and the dielectric constant. At constant pressure there are forces

on, for instance, two atoms and the unit cell as a whole. The interatomic forces within the cell give

rise to “internal stress”. The elastic laws describe the behavior of a system under stress (defined as the

force per unit area). The strains (the fractional change of the stres sin the dimension) on the lattice
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are equal to the stress (Pressure static and applied) divided by the elastic constant matrix that relates

the stress with the internal forces.

5.4.2 Pressure and temperature control

Two issues are of critical importance when dealing with membrane simulations, the way of controlling

the pressure of the system and computing electrostatics Feller (2007). The pressure is a macroscopic

propertie evaluated in a microscopic system. The pressure often fluctuates much more than quantities

such as the total energy. This is expected beacuse the pressure is related to the virial (product of the

positions and the derivative of the of the potential energy function), therefore the pressure calculation

is dependent on the velocities and on the periodicity that allow to calculate the potential energy. The

virial changes more quickly as a function od the distance than does the interanal energy, hence the

greater fluctuation in the pressure.

Nowadays, membrane simulations are most of the time run under the so-called ‘NPT’ miicrocanonical

ensemble, that is the number of molecules (N) is fixed and one weakly couple the system to a thermostat

and barostat to get the temperature (T) and pressure (P) constant respectively; the other alternative is

the use of the NPγT ensemble, where γ stands for constant surface tension. When coupling the system

to a pressure “bath”, the rate of pressure changes is given by:

dP (t)

dt
=

1

τp

(Pbath − P (t)) (5.5)

where τp is the coupling constant (if τ is large then the coupling will be weak), Pbath is the pressure

of the bath, and P(t) is the actual pressure at the time t. It basically needs to scale the volume

scaling the dimensions of the box (x,y,z), which can be done using the same scaling factor for all

directions (isotropic coupling), the same scaling factor for x and y directions but a different one for

the z direction (semi-isotropic coupling), or independently in all directions (anisotropic coupling). In all

these possibilities, it is recommended to use semi-isotropic coupling when simulating lamellar systems.

Usually, the bilayer stands in the box along the xy plane (with the normal along z). Isotropic pressure

coupling should be avoided because it creates an artificial surface tension due to the same scaling in the

3 dimensions. Anisotropic or semi-isotropic coupling are more correct in this respect since they allow

an independent scaling of the z dimension. Last, anisotropic coupling can lead to a deformation of the

box on long simulations, with the bilayer forming a rectangle instead of square. This can cause artifacts

especially if there are not enough lipids next to the protein in the direction that was too much reduced.

Thus it is recommended to use semi-isotropic coupling to handle pressure coupling on a membrane

systems. One popular algorithm for applying pressure coupling is the one of Berendsen (Berendsen and

Postma, 1984). This is the most widely used algorithm for pressure coupling in the precedent equation.

Although it does not generate the strict NPT ensemble (the same holds for the thermostat), it is very

efficient for equilibrating the density of a system in case of ‘vacuum defects’. The algorithm shrinks

the box until the correct density is reached, the ability to reproduce the correct density then depends

primarily on the force field. This is of critical importance since reaching the correct density should give
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the correct area per lipid. In turn, the temparture is calculated by scaling the velocities and therefore is

related to the time average of the kinetic energy. The temperature is coupled using the same equation

than before, such as the rate of change temperature is proportional to the difference in temperature

between the bath and the system.

5.4.3 Electrostatic interactions calculations

The other important issue in membrane protein simulation is the way of computing electrostatics

when evaluating the energy of the system. Non bonded interactions (including van der Waals and

electrostatics) represent the most expensive computational burden. To alleviate the computing effort,

various strategies were created in the early time of MD in the seventies and improved so far. They all

rely on the so-called cutoff. This latter stands for an atom-atom distance beyond which the interaction

is considered equal to 0; since both electrostatics and van der Waals are inverse power functions (of

the distance between atoms) they quickly tend to 0 at long distances.

In GROMACS always uses a cutoff radius for long-range interactions the Lennard-Jones interactions

and sometimes for the Coulomb interactions as well. Due to the minimum-image convention (only

one image of each particle in the periodic boundary conditions is considered for a pair interaction),

the cutoff range can not exceed half the box size. Although this approximation can be acceptable

for simple systems, that is still pretty big for large systems, and trouble is only expected for systems

containing charged particles. But then truly bad things can happen, like accumulation of charges at

the cutoff boundary or very wrong energies. It has been demonstrated to cause numerous artifacts on

highly charged systems such as ionic solutions. It leads to a wrong radial distribution of the ions, which

tend to be separated by the cutoff distance while they should not. In membranes systems this effect

cause important alterations on the membrane physical properties, such as the surface tension because

of the high dielectric constant of the membrane interface. To circumvent this problem two main

techniques/algorithms are used in biomolecular simulations, the particle-mesh-Ewald (PME)5 (Darden

et al., 1993; Essmann et al., 1995) and the reaction field not discussed here. On pure phospholipids,

the use of cutoff gives the wrong area per lipid; they indeed tend to be too packed, thus the membrane

thickness is overestimated (Anezo et al., 2003). For simulations of membrane proteins (or peptides)

within a bilayer of phospholipids, the use of cutoff has been shown to not affect directly the protein

nor the water, but only the phospholipids (Cordomi, Edholm et al. 2007). Nonetheless, it is still highly

recommended not to use cutoff schemes if one wants to avoid artifacts due to a wrong thickness/area per

lipid, which may cause conformational consequences due to different matching/mismatching conditions

of the environment around the protein (or peptide). Currently, PME is the most correct and most used

technique for computing electrostatics on membrane systems (Anezo et al., 2003).

5PME is a smart and fast way of evaluating the so-called Ewald summation, which is basically a method for calculating
electrostatics in a crystal. When we use PME in biomolecular simulations, we thus consider the system as an infinite
crystal, that is, we replicate the simulation box infinitely in all directions. Although this is the most correct way to handle
electrostatics it has been shown to induce artificial periodicities on the system
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5.5 System set up

In membrane MD simulations studies the set up of the initial system is very important and strongly

influences the fate of the simulation. In addition to addressing general questions and choosing sim-

ulations parameters, setting up a membrane protein simulation system usually requires three major

working steps: 1, preparation of the bilayer; 2, insertion and orientation of the protein; and 3, system

equilibration.

We designed our experiments based on some of the peptide mutations and the lipid composition

that influence ALPS curvature recognition and we perfomed simulations in flat membrane patches.

FIrst, we designed a control ALPS-bilayer system in a favorable (for the membrane-curvature recog-

nition) lipid composition: 1,2-diacyl-sn-glycerol-3-phosphorylcholine (DOPC) as the experimental data

dictated (see sections 4.3.1 and 4.3.4). We also designed other systems for comparison in unfa-

vorable (1,2-dimyristoyl-sn-glycerol-3-phosphocholine (DMPC) and 1-palmytoyl-2-oleoyl-sn-glycerol-3-

phosphorylcholine (POPC)) and more favorable conditions (mixed bilayer of DOPC and dioleoyl-sn-

glycerol (DOG)). We adressed the question of ALPS lipid-packing recognition from this two perspec-

tives, the favorable ALPS sequence and the favorable lipid composition that determine ALPS-lipid

interactions and the function of the motif.

From the perspective of the peptide, and based on the prevailing model of ALPS membrane-curvature

recognition (see section 4.4), we focus first on the role of the hydrophobic interactions (see section

4.3.2). Hence, we used the the triple-mutant of ALPS, L12A-W16A-F19A (called LWF-A) inefficient

curvature sensor (Fig.5.7 ) and we setted up an LWF-A-DOPC-system.

From the perspective of the membranes lipid composition, we decided to change the lipid environ-

ment based on the experimental results we described in section 4.3.4. Hence, we selected to perform

simulations in different homogeneous (one lipid nature composition) and heterogenous (simple mix of

two lipids) phospholipid bilayers that according to the experimental data affect ALPS efficiency.

In order to evaluate the role of the nature of the lipid acyl chains in ALPS behavior. We set up

three different homogeneous bilayers, which increasingly enhance ALPS efficiency starting from: one

composed of DMPC, which both acyl chains are saturated (C14:0, C14:0); the second, composed of

POPC, with one monounsaturated acyl chain and the other saturated (C16:0, C18:1); and the third,

composed by DOPC, which both acyl chains are monounsaturated (C18:1,C18:1) and one heterogeneous

bilayer composed of 85% DOPC and 15% of its diacylglycerol (dioleoylglycerol DOG)) (Fig.5.8 ). In

this way we aimed at test the effect of changing the lipid packing as a result of different acyl chains

(homogeneous bilayers) and headgroups (heteogeneous bilayer).

The starting configuation for both peptides was in their α-helix folded state already embedded at

the interface of the respective different flat bilayers. (Fig.5.9 ), it was possible to overcome the problem

of folding/insertion -as has been done in other computational studies of amphipathic peptides (Dolan

et al., 2002; Jang et al., 2006; Kandasamy and Larson, 2004; Blood et al., 2008; Tieleman et al.,

1998)-, and it was possible as well to observe properties related to the lipid-peptide interactions once

the peptides is in a lipidic environment.
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Figure 5.7: (a) ALPS helical wheel diagram. The color code of the wheel diagram is given as in ref.
(Drin et al., 2007) (yellow: bulky hydrophobic residues, purple: serines and threonines, gray: glycines
and alanines, blue: positively charge residues, red: negatively charged residues). (b) Sequences of ALPS
(up) and LWF-A (bottom) indicating the segmentation of both peptides for the N-terminal, middle and
C-terminal segment.

Figure 5.8: Lipids with different shapes used in this work
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Figure 5.9: (a) Snapshot of the ALPS-DOPC system used as starting configuration for the different
simulations. The peptide is in licorice representation with the polar face in purple, and the hydrophibic
face in yellow. The detail of the color code is specified in Fig. 1. The lipids are in gray and the
phosphate, glycerol and choline moieties are represented by colors dots with the same color code that
in the density plot on the right. (b) Density plot of ALPS-DOPC system showing the partitioning of
the peptide at the level of the phosphate/glycerol moieties.

1. Preparation of the bilayers. First, we needed a pure bilayer system where the peptides could

be inserted. To carry out our simulations we used different pre-equilibrated starting patches

of lipid bilayers (DOPC, POPC and DMPC (Fig.5.8). This patches were adapted from the

work of Tieleman et al. (Tieleman et al., 2006) (provided by L. Monticelli6) -in the case of

DOPC and POPC bilayers, and we obtain the DMPC start patches form Tieleman’s website.

We expanded these patches from 128 to 300 lipids (150 per leaflet) and added 12,301 water

molecules, distributed along the normal of the bilayer (Z-dimension). This latter operation allows

an adequate distance between the peptide-bilayer system and its periodic image. We removed all

the water molecules from the centre of the membrane keeping the headgroups well solvated. The

~40 water molecules/lipid ratio obtained was slightly superior than the hydration limit proposed by

Nagle and Tristram-Nagle (Tristram-Nagle et al., 1998). The pure lipid system was then energy-

minimized using a steepest-descent algorithm and equilibrated under the NPT ensemble (see below

the description of the simulations conditions). In order to build the heterogeneous composed by

DOPC and dioleoylglycerol (DOG) (Fig.5.8) bilayers patches we randomly substituted 15% of

the DOPC lipids by DOG (smae number on each leaflet) maintaining the same quantity of

lipids in both leaflets. These patches were then solvatated, minimized and equilibrated as in the

case of homogeneous systems. We had therefore 5 peptide-free systems. We considered that

these peptide-free systems were well equilibrated when they successfully reproduce the membrane

properties determined experimentally (Tristram-Nagle and Nagle, 2004) (i.e. area per lipid, bilayer

6Modified paramters that connect the double-bond (Martinez-Seara et al., 2008a,b)
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Peptide control Acyl chain variation Headgroup variation

ALPS DOPC DMPC DOPC(85%)-DOG(15%)
POPC

LWF-A DOPC POPC DOPC(85%)-DOG(15%)

Table 5.1: Systems constructed and simulated (the simulation conditions were the same in all cases, as
described in the text)

thickness and order parameter) (in the cases there exist experimental or simulation data for

comparison).

2. Construction and orientation of the peptides. ALPS and LWF-A are 35 residues long

α−helical models generated using CHARMM (Brooks et al., 1983) in an ideal α−helix confor-

mation. The side chains were repositioned in optimized conformations using SCWRL (Canutescu

et al., 2003) and the SCit web server (Gautier et al., 2004). In order to generate the LWF-A pep-

tide, we mutate, in silico, the ALPS L12, W16 and F19 residues to Alanine. Then the N-terminal

was amidated and the C-terminal acetylated. An energy minimization procedure followed this

construction. We used the final equilibrated pure bilayers to insert the peptides. This process was

performed using the molecular visualization program PyMol (DeLano, 2002). We placed each

amphipathic peptide oriented with its helical axis parallel to the lipid/water interface of one of the

leaflets (hereafter referred to as the bound leaflet), taking care of adjusting the azimuthal rotation

in order to have the hydrophobic moment in the right direction with respect of the hydrophobic

core of the bilayer. Then, the peptide was translated at the position in the phosphate/glycerol

region (Fig.5.9). We removed all the lipids in a 3Å radius around the peptide, the same number

from both leaflets, ending with the same number of lipids on both sides of the bilayer and thus as-

suring that all the bilayer asymmetries observed afterward were due to the presence of the peptide.

In order to neutralize the ionic charge of the system and at the same time to reach experimental

salt concentration, we added 15 atoms of Na+ and Cl- that correspond to a concentration of

approximately 60 mM of NaCl similar to the one used experimentally (Bigay et al., 2003; Drin

et al., 2007; Mesmin et al., 2007). The ions were placed in the most electrostatically favorable

positions for the system, using the genion program from the GROMACS package.

3. Equilibration. We ended up with 8 “peptide-bound” systems (detailed in Table5.1 ) consisting

of 1 peptide bound to a single leaflet, 250 DOPC lipids (125 per leaflet), 9,670 water molecules

and 30 ions. We performed a last energy minimization procedure and applied a harmonic force

constant of 1000 kJ/mol to the backbone of the peptide during a 10 ns position restraints

dynamics. This led to a shrink of the box allowing thereby the closure of the hole created for the

peptide and to the equilibration of the bilayer and the surrounding solvent. Finally, all restraints

were released and standard MD simulations were performed for 120 ns in three different replicas

for each peptide.



CHAPTER 5. MOLECULAR DYNAMIC SIMULATIONS 72

5.6 Simulations details

The simulations were then carried out using the force field described previously. The all-atom OPLS-AA

force-field paramters for the peptide. For the DOPC lipids, we used the adapted Berger parameters in

order to work in combination with the all-atom OPLS-AA force-field. These parameters include some

corrections for the insaturation (cis double bond) of each acyl chain (Martinez-Seara et al., 2008a).

Although there exist some trends for each force-field (Sapay et al., 2008) and their conformational

sampling depends, to a certain extent, on the starting conformations as well as on the force field

accuracy (Matthes and de Groot, 2009), the combination of Berger (modified) -OPLS force-field have

proven to yield a good agreement between simulations and the available experimental data (Tieleman

et al., 2006). Additionally, the TIP3 water model (Jorgensen, 1982) was used as the solvent. For both

the Na+ and the Cl−, we used the default ion parameters of the OPLS force field (Gurtovenko and

Vattulainen, 2008, 2009).

Simulations were run under the NPT ensemble and periodic boundary conditions were applied in

all three dimensions. We used the weak coupling algorithm of Berendsen described before, to maintain

the system at a constant temperature of 313 K using a coupling constant of 0.1 ps (protein, lipid

and water-ions separately). Pressure was held constant semi-isotropically (x and y dimensions were

scaled by the same factor, whereas the z dimension was scaled independently from x and y) with the

Berendsen algorithm at 1 atm with a coupling constant of 1 ps. Water molecules were kept rigid using

the SETTLE algorithm (Miyamoto and Kollman, 1992). All other bond lengths were constrained with

the LINCS algorithm (Hess et al., 1997), with a 2 fs time step. We used a short-range coulombic

and van der Waals cutoff of 10 Å and we calculated the long-range electrostatic interactions using the

smooth particle mesh Ewald (PME) algorithm. For PME, we used a grid spacing of 1.2 Å and an

interpolation order of 4. The neighbor list was updated every 10 steps. Molecular configurations were

saved every picosecond for further analysis.

For the comparison between ALPS and LWF-A mutant, we performed a total of 7 simulations of

120 ns each: Three replica of ALPS-bound system, three of LWF-A system, and one peptide-free (pure

bilayer) for each different type of bilayer system. For the comparison of ALPS in different bilayers we

perfomed 11 additional simulations: three replicas for ALPS-DMPC of 70 ns each, three for ALPS-

POPC of 120 ns each, and three for ALPS-DOPC-DOG systems of 120 ns, and the three respective

pure peptide-ffree bilayers equilibrations.

5.7 Trajectory analysis

From the trajectories issued of MD simulations, it is possible to obtain an enourmous amount of

information. We focus our analysis to the main properties of the bilayers, the confromational changes

that can be observed in the peptides, and some aspects of lipid-peptide interactions. To do this, we used

the GROMACS Package and some in-house python and C tools to analyze all peptide and membrane

metrics.
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5.7.1 Analysis of the lipid bilayer properties

5.7.1.1 Bilayer thickness

The total bilayer thickness is defined as the distance between the center of mass of the P atoms of each

leaflet, projected in the Z-axis (normal to the bilayer plane). The center of mass of a group of atoms

is defined by:

Cm =
1

N

N
∑

i

miri (5.6)

,where mi and ri are respectively, the mass and the coordinates of the atom i.

We calculated the local bilayer thickness in function of the distance to the center of mass of every

atom of the backbone of the peptide. We considered as close (associated) lipids those that were within

a radius of 1 nm in the plane XY and far(non-associated lipids those that were outside this radius. A

list of all the close lipids was updated every step of time. The bilayer thickness is calculated from the

first aliphatic carbon of tha acyl chains.

5.7.1.2 Order Parameter

The orientation of the acyl chains of lipids can be assessed with the order parameter {Vermeer, 2007

#589}. This parameter allows us to obtain information about the dynamics and orientation of the

lipids acyl chains. It is usually measured by 2H solid state NMR by labeling the different carbons along

the acyl chain, and depends on the orientation of each C-D bond compared to a reference axis (often

the bilayer normal). The use of a united-atom force field does not give access to these angles, but it

has been shown that it was possible to reconstruct each Ci-D bond from the best vector corresponding

the Ci−1 − Ci − Ci+1 {Egberts, 1994 #590}. Thus the order parameter SCD for a given carbon

Ci is calculated from the orientation of the vector that approximates the better the orientation of

Ci−1 − Ci − Ci+1 bonds in our simulations given the equation:

(Sn) =
1

2
< 3cos2θn − 1 > (5.7)

,where < > stands for a time and ensemble average, θn is the angle between the normal to the

bilayer and the vector Ci−1 − Ci − Ci+1of the carbon Cn. (Sn) is averaged over the simulation time

and over the equivalent atoms of different lipids. High values (close to 1) correspond to ordered bond

orientations whereas values close to 0 indicate disorder. The order parameter value of 0.5 corresponds to

trans (extended) conformations and perpendicular to the normal of the bilayer. A value of 1 corresponds

to a trans acyl chain conformation but parallel to the bilayer normal, and a value of 0 (it can go to -0.5)

when there is no preferential orientation and therefore it represents the disorder that the acyl chains

adopt during the simulation. The lower order in double bonds in the case of insaturated lipids is mostly

the result of double bond cis geometry: double bonds oriented parallel to the bilayer normal have order

parameters of zero (even in the absence of motions).We calculate the order parameter of the associated
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and non-associated lipids applying the same criteria than for the calculation of the bilayer thickness.

5.7.2 Analysis of the peptide properties

5.7.2.1 Root mean square deviation (RMSd)

This value is useful to measure the geometric deviation of one structure compared to another one of

reference once they have been superposed. In our analysis we used this parameter to evaluate the

deviation of the peptides helical structure with respect to an ideal one (structure of reference) and to

also evaluate the different conformation with respect to the initial model at t = 0 (another structure

of reference). This value is given by:

RMSd =

√

√

√

√

1

N

n
∑

i=1

| ri (t) − ri (ref) |2 (5.8)

where N is the number of atoms in the system and ri (t)the position of atom i in time t. The

average RMSd is the sum of RMSd values at a time t divided by the number of time steps.

5.7.2.2 Root mean square fluctuations (RMSf)

This value allows to measure the fluctuations of each atom around their average position in a given

structure. It is calculated:

RMSfi =

√

1

Nt

∑

| ri(t)− < ri >|2 (5.9)

where (ri) is the average position of atom i in the range of time simulated. The average RMSf is

the sum of RMSf values at a time t divided by the number of time steps.

5.7.2.3 Secondary structure

We evaluated the secondary structure of the peptides using the DSSP program (Kabsch and Sander,

1983). The principle of this program is to assign secundary structre based on H-bond patterns present

in the structure, for example between the atom i and i+4 in a α-helix. This is a rapid method that only

depends in the presence of the H-bond. It considers that an H-bond exist when the distance between

a donnor and an acceptor of H-bond (the atoms N and O respectively) are closer than 3.2 Å. It also

apply an angle and energetic criteria.

From the secondary structure analysis we decided to define three different regions in the helices.

Using this segmentation we applied the further anlayses to the peptide. Gromacs allowed us to compute

all kind of helix properties.

5.7.2.4 Helix deformational flexibility

To assess the deformation of the helix, we defined two helix kinks as the crossing-angle between the

N-terminal (res i to j) and middle (res j to k) helical axes together with the crossing-angle between the
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Figure 5.10: Kink angles

middle and the C-terminal (res k to l) axes. A non-zero crossing-angle means that a break is present

between two axes (Fig.5.10 ). These angles are calculated at every time step.

In order to detect the most frequent conformation we performed a clustering analysis over a con-

catenated trajectory of all the replicas for each case. We used the algorithm of Daura et al., which

counts the number of neighbors using a cut-off. Then it chooses the structure with the largest number

of neighbors and with all these neighbors creates a cluster. Finally the program eliminates the structure

from the pool of clusters. The method repeats the operation for the remaining structures in the pool.

The cut-off is decided from an RMSd analysis. Each structure is assigned to exactly one cluster. The

structure with the smallest average distance to the others, the average structure, or all the structures

for each cluster, will be written in a trajectory file. It is then possible to obtain the cluster number as

a function of time and the size of the cluster.

5.7.2.5 Helix orientation: tilt and azimuthal rotation

The tilt τ angle between the helix and the normal to the bilayer and the helix axis) and azimuthal rotation

(angle between the direction of the tilt and a residue of reference) were calculated as in (Ozdirekcan

et al., 2007) (Fig.5.11) . The normal to the membrane was taken as the z-axis.

In the case of the tilt, we calculated the helix axis by taking the first eigenvector of the inertia

matrix (defined by all heavy atoms of the backbone). As the peptide is interfacial, its tilt fluctuates

around 90° (the value 90° refers to a perfect horizontal peptide at the interface of the membrane), thus

it was more convenient to express the tilt within the range [0-180°]. This could be easily achieved by

just orienting the helix axis from C to N before calculating the angle.

For the azimuthal rotation (which describes the rotation of the peptide about its helix axis), we

used as reference residues A8 as for the N-terminal helix, residue F16 for middle helix and residue A30

for the C-terminal helix. The tools for evaluating the tilt and azimuthal rotation are freely available at

http://www.dsimb.inserm.fr/~fuchs.
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Figure 5.11: Schematics of (a) Tilt and (b) azimuthal rotation

Figure 5.12: Aromatic ring orientations with respecto to the bilayer normal (perpendicular to the plane
of the bilayer represented with black lines)

5.7.3 Aromatic side-chain orientation

We assessed the orientations of aromatic residues by calculating the tilt angle of the normal to the

plane of the aromatic ring, with respect to the membrane normal. The plane is defined by all the heavy

atoms of the ring and the membrane normal is taken as the z-axis (Fig. ).

5.7.4 Analysis of lipid-peptide interactions

5.7.4.1 Radial Distribution function (RDF)

Either neutron or X-ray scattering can study the structure of liquids. The most common way to describe

liquid structure is by a radial distribution function. To assess the radial distribution function (rdf) gAB(r)

of A with respect to B, we have to calculate:

4πr2gAB (r) = V

NA
∑

iǫA

NB
∑

jǫB

P (r) (5.10)
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Figure 5.13: (a) Schematics of the Radial distribution function (RDF), (b) Example of the RDF of a
pure liquid

where V is the volume and P(r) is the probability to find a B atom at a distance r from an A atom.

To evaluate the repartition of lipids around the peptide (as well as between them), we computed

some radial distribution functions g(r) (RDF) of suitable chosen pairs of atoms. For a given pair of

particles A and B (e.g. phosphorous of phosphate / nitrogen of choline), g(r) is calculated as the

ratio between the local (particle) density of B at distance r from any particle A with respect to the

global particle density of B in the medium. The value thus varies around one and we obtain peaks that

give the position of the different shells of particles B around A. The height of these peaks is directly

proportional to the amount of particles in the corresponding shell (Fig.5.13) . Since a membrane/water

system is highly inhomogeneous compared to a pure liquid, all RDF are not expected to tend to 1 at

long distances (due to the normalization over an inhomogeneous medium) or go above and below 1 like

in a pure liquid.

In general, averaged properties were calculated over the 120 ns of each simulation minus the time

of equilibration (position restraints MD). For some properties (when explicitly stated) we computed

averages over the three replica concatenated as a single trajectory which allowed to improve statistics.

All the snapshots of the membrane systems were generated using VMD (Humphrey et al., 1996).



Chapter 6

Deciphering the structural

attributes of ALPS

We offered in chapter 4 an overview about the mechanism implicated in membrane shape control,

generation and sensing. We pointed out the membrane features that hake to be taken into account

to understand the membrane deformation processes, and the role of many proteins and lipid-binding

domains in the control and sensing of those features. The capacity to sense the membrane curvature

has been attributed to every interfacial amphipathic helix, based on some shape (of the helix “tube”

and the shape factor of different lipids) and space (the defects created between lipids in function of

the increase in the curvature) criteria. An helix in principle will fit to that defects in packing created

by the curvature. The aim of this work is to show that the question is not as simple as that. The

membranes are very maleable and dynamic and an important role in the process must be attributed

to their particular properties. On the other hand, most of the interfacial amphipathic helices have

positively charged polar faces that help the binding to the membranes. That is not the case for ALPS.

Hence, other mechanisms must exit related to the curvature sensing. The fact that curvature sensors

with mostly uncharged residues on their polar face and with mostly aromatic hydropbobic residues

on their hydrophobic face, such as ALPS, may exist in a wide range of proteins, makes ALPS a very

interesting and challenging research subject. Understanding the atomic details of ALPS and membrane

interactions may provide unvaluable insights about ALPS properties and its way of action, as well as

how the membranes respond to ALPS.

In this context our research aimed to adresse the question of ALPS lipid-packing recognition from

two perspectives:

1. the sense of the amino acid composition and peptide structure in ALPS lipid-packing sensors

2. the effects that different lipid-packing defects can exert in ALPS structure

From these two perspectives, that will help us to recognize the contribution of each component of the

peptide-membrane system in the lipid-packing recognition process, we aimed at :

78
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1. Explain how ALPS structure is influenced by the lipid environment and which kind of interactions

are favor between a Set/Thr rich polar face and the lipid polar heads, and between the aromatic

hydrophobic residues and the acyl chains.

2. Elucidate ALPS strcuture and lipid-peptide interactions relevance for the lipid-packing recognition

3. Recognize the effect of ALPS in the bilayer properties

4. Propose how the ALPS-mediated bilayer responses could be of relevance in the context of the

curvature recognition.

5. Incorporate all these information in a comprehensive dynamic model that could complete the

actual knowledge about ALPS and its curvature sensing capacities.

Our first objective was then to reveal the impact of the lipidic environment on ALPS structural prop-

erties. We aimed to describe, at atomic detail, the experimentally-detected features ALPS, as well

as offer insights about ALPS role on lipid-packing recognition. In this chapter I will discuss how the

comparisons of ALPS and the mutant LWF-A behaviors in DOPC bilayers allowed us to unravel some

key questions about the importance of aromatic hydrophobic and Ser/Thr residues in the constitution

of ALPS-like sensors. Additionally, I will present a new notion about ALPS flexibility and deformability,

which are two relevant features that a protein should have in order to adapt to the lipid-packing defects.

Finally, I will describe important differences concerning how the DOPC lipids react to the presence of

both peptides.The results summarized in this chapter have been submitted to the Journal of Molecular

Biology as a paper entitled “Novel atomistic view of ALPS curvature sensor lipid-packing recognition”.

6.1 Interfacial partitioning of ALPS and LWF-A

The starting configuration of the ALPS-DOPC and LWF-A-DOPC systems was an interfacial partitioning

of the peptides at the level between the phosphate and the glycerol moeities in one leaflet of the DOPC

bilayer. During all the length of the simulation the partitioning of both is stabilized at the level of the

glycerol (Fig.5.9).

6.2 ALPS structure and conformational diversity

In order to understand how DOPC lipids influence ALPS structural properties, we followed the evolution

of ALPS secondary structure during the 120 ns simulated in the three different replicas of ALPS-DOPC

system (Fig.6.1 ). We then compared with LWF-A peptide secondary structure evolution on simulations

of the same length (Fig.6.1). The discussion of the results is based on the averaged properties over all

the replicas. You can refer to the starting configuration of these systems is in section 5.5 (Figures 5.7

and 5.9).
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Figure 6.1: Secondary structure evolution of ALPS and LWF-A in DOPC bilayers simulations

6.2.1 ALPS secondary structure and deformation

In Fig. 3a, we observe that starting from an ideal α−helical structure, ALPS rapidly evolved (from

20 ns and so forth) to an altered state. Most residues in the middle region adopt a turn or 310-

helix conformation, while in the N-terminal and C-terminal region, the α−helical structure is globally

maintained. The peptide lingers in that state for the remaining 100 ns (Fig.6.1 (left panels)).

We assessed the helicity content along the sequence, which was averaged over all the configurations

using ALPS three replica (Fig.6.2 ). By doing so, the helicity content drops to zero at residues Gly15 and

Gly22 suggesting two breaking points and three well distinct regions. This effect is not surprising, since

it is known that glycines are helix breakers that accordingly disrupt helices in water (Pace and Scholtz,

1998; Chakrabartty et al., 1991) and modulate the peptide structure in hydrophobic environments (Li

and Deber, 1992c,a).

The highest helicity content is around 60% (Fig. 6.2), which mostly concerns the first and last

segments of the sequence. Both segments have a combination of residues with high and low propensities

to form helices in hydrophobic environments (Liu and Deber, 1998b). In turn, the segment flanked by

the glycines has a more variable helicity content (Fig. 6.2). The residues in this segment (Ser, Thr, Trp)

(Fig.5.7) have intermediate propensities to form helices in hydrophobic environments (see table 2.9)).

However, glycines, Ser and Thr have, nonetheless been also described as stabilizers of TM helices. It is

possible that in an interfacial environment they play a dual role.

Then we looked at the conformations ALPS could adopt during the secondary structure changes
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Figure 6.2: Helicity content of ALPS and LWF-A in DOPC in three different replica

(Fig.6.3 ). A clustering analysis provided three main conformations (78% of the conformations). The

most populated cluster (46%) represents a “Z-shaped” bended-helix conformation, which clearly shows

the three segments with different helicity content. Two other conformers were found (16% each one)

corresponding to a curved helix and a more restrained “Z-shaped” structure (Fig. 6.3).

Consistently with the helicity and the clustering analysis, our results allowed us to define three

different segments which we use for all further analyses (see Fig. 5.7 for the sequence of these segments):

• the N-terminal segment comprising Asp2 to Ser14,

• the middle segment consisting of residues Gly15 to Gly22, and

• the C-terminal segment covering Ala23 to Lys36

In one of the ALPS-DOPC replica we observed that in the last half of the simulation, the peptide

recovers its original helical structure in the middle segment leading to instability of the C-terminal

helical structure (Fig. 6.1(bottom panel of left)). These data may suggest that an unwinding process

has occurred at the C-terminal that might be due to the fact that Lys35 does not cap correctly to

neutralize the helix dipole (Viguera and Serrano, 1999; Petukhov et al., 2002; Chakrabartty et al.,

1993a). Moreover, this residue and the Glu32 have low propensities to form helices in hydrophobic

environments (Liu and Deber, 1998b) (see table 2.9). The resulting coil/bend/turn is therefore able to

reach Ala30, which may contribute to stabilize the rest of the helix in that region (Chou and Fasman,

1974; Chakrabartty et al., 1994).
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Figure 6.3: Clustering analysis of ALPS and LWF-A in DOPC. N-ter segment is in green, middle segment
in yellow and C-ter segment in bleu.

Figure 6.4: Root means square fluctuations (RMSF) of ALPS and LWF-A in DOPC

In both peptides, a coil structure affects the first residues of the N-terminal during all the simulations

that we attribute to an end-effect. Nonetheless, the presence of two Asp and one Asn, which are

less prone residues to form helices in aqueous solution (Pace and Scholtz, 1998) and in hydrophobic

environments (Liu and Deber, 1998b; Li and Deber, 1994a)(see table 2.9), may have played an important

role to create the initial coil structure.

6.2.1.1 Mutant LWF-A limited deformation

In LWF-A the secondary structure evolves differently (Fig. 6.1(right)). Although Gly15 and Gly22 still

alter the α−helical structure in its middle segment, they do not do it simultaneously as in ALPS. In

consequence, the deformation and turn/310-helix transitions are limited to a few residues. The alanine

inserted at expenses of Trp16 enhance the stability of the helix, but the alanines that substitute Leu12

and Phe19 destabilize the helix. These effects could come from the fact that alanine is more prone to

form helices than Trp, but less prone to do so than Leu and Phe, according to the propensities of Deber

in hydrophobic environment (Liu and Deber, 1998b; Deber et al., 1993) (see table 2.9). Hence, the

helicity content of both peptides is very similar (Fig. 6.2), as well as their RMSF (Fig. 6.4 ). However,

from the clustering analysis we determined that in LWF-A only two conformers were representative,
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covering 78% of the conformations (same number of conformations as the three clusters of ALPS

presented above). The first cluster (53 %) is a slightly curved helix (Fig. 6.3 (left panel)), whereas the

second (25 %) reminds the ALPS curved helix conformer.

Overall, the force-field (Tieleman et al., 2006) used for our simulations, successfully explores the

possible conformational transitions of an α−helix. Moreover, we found an important correlation of our

results and the propensities measured experimentally. These results show that LWF-A is less deformable

than ALPS. LWF-A presents frequent conformational transitions between similar conformers, whereas

ALPS has a stronger conformational diversity with fewer transitions.

6.2.2 Characterization of helix deformations

ALPS conformational diversity clearly reflects the segmentation in three distinct parts, whereas in LWF-

A, the conformational population does not correspond to the segmentation suggested by the helicity

content. Therefore, we decided to characterize these differences in terms of the different segments

reciprocal orientation by examining two kink angles of the helix around the flexible glycine hinges

(θGly15 and θGly22, see Fig. 6.3(schematisc in cluster 1 of ALPS in right panel)).

The kinked helices are described in terms of crossing-angles between the N-terminal and middle

segments (θGly15 in blue) the crossing-angle between the middle and the C-terminal segments (θGly22

in red). At a first glance, the first thing that was evident from this data was that the kink distribution

are considerably larger for ALPS compared to the mutant, and the average values are larger for ALPS

(θGly15 = 36° and θGly22 = 25°) in the Z-bended conformation, compared to the slightly curved

conformation of the mutant (20° for both angles). Moreover, we observed that the fluctuations of

these angles are also higher for ALPS than for LWF-A. These results illustrate and confirm the greater

conformational diversity of ALPS over LWF-A. Overall, these data bring a dynamic view of ALPS

conformation and suggest that when ALPS binds to the membrane, it does not fold into a “perfect”

rigid α-helix.

6.3 Peptide orientation relative to the membrane

We have showed so far that the mutations of LWF-A have caused major changes in the structural

flexibility. They can also modify the hydrophobic moment and hydrophobicity (Table 6.1 ). In order

to understand the conformational changes in the context of these modifications of the physicochemical

properties, we analyzed the relative positioning of the peptide within the membrane. We examined the

relative orientation of each segment with two descriptors, the tilt (angle between the helix axis and the

membrane normal) (Fig.6.5 ) and azimuthal rotation (rotation about the helix axis) (Fig. 6.6 ). We

observed that in ALPS, the N-terminal and C-terminal tilt slightly deviates from the position parallel to
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Table 6.1: ALPS and LWF-A segments properties. The table shows for each segment the hydrophobicity,
hydrophobic moment (μH calculated with the program Heliquest (Gautier et al., 2008), azimuthal
rotation and tilt angles averaged over the 3 simulations). For the angles, the values in parentheses
represent the standard deviation. Azimuthal rotation and Tilt assesed as specified in methods section.
In both cases the value in parentheses represent the fluctuations.

Figure 6.5: Tilt of ALPS (a) and LWF-A (b) segments as a funtion of time
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Figure 6.6: Azimuthal rotation of ALPS (a) and LWF-A (b) segments as a function of time

the membrane plane (90°), whereas in the middle segment the tilt changes more pronouncedly (Fig.6.5

(a)). In the case of LWF-A, the three segments remain parallel to the membrane plane (Fig.6.5 (b)).

Manifestly, conformational changes for both peptides take place principally in the XY plane.

Concerning the azimuthal rotation, the fluctuations of this rotation are lower for ALPS compared

to LWF-A. Moreover, the comparison between ALPS and LWF-A segments indicates that ALPS does

not display a significant rotational variation, contrary to LWF-A (Fig.6.6). This can be explained by

the change on the hydrophobic moment in LWF-A with respect to ALPS (Table 6.1). Additionally, the

lack of bulky hydrophobic residues in LWF-A makes its backbone less sensitive to rotation. In contrast,

the bulky hydrophobic residues in ALPS forces the backbone to adapt, anchoring the peptide to the

membrane.

We also qualitatively evaluated the peptide diffusion as the trajectory in the plane XY of the center

of mass of the peptide. This showed that, in turn, the peptides display different diffusion inside their

respective membranes (Fig.6.7 ), the mutant being the one that diffuses the most of both peptides in

DOPC.

6.4 ALPS and LWF-A partitioning inside the membrane

We showed that the mutations of LWF-A impairs the structural deformability of the peptide and modify

its orientation with respect to the membrane related with the hydrophobicity and hydrophobic moment

changes (Table 6.1). These changes have several implications on the partitioning of the peptide inside

the membrane (see section 2.5 as reference). We evaluated this effect using the average density profile

of the different segments of ALPS and LWF-A.

The prevailing structures of ALPS-DOPC and LWF-A-DOPC systems illustrate that the partitioning
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Figure 6.7: ALPS and LWF-A diffusion in the XY plane of the membrane

Figure 6.8: Partitioning of ALPS (left) and LWF-A (right) amphipathic helices at the level of the
phosphate(bleu)/glycerol(yellow)groups. The water (grey) reach the limits of the interface at the
bilayer interior. The acyl chains (purple) can be in contact with the peptides.

takes place at the level of the phosphate/glycerol region between the polar headgroups and the acyl

chains, during the entire simulations, as we mentioned before (Fig.6.8 ). The partitioning of ALPS and

LWF-A seems globally the same when it is calculated over the entire peptide. However we can see that

LWF-A has a slightly more deeper partitioning (the center of the Gaussian that represents the peptide

density at the level of the glycerol has shifted towards the center of the bilayer; Fig. 6.8 (right)).

If we make a zoom in this partitioning, taking for instance the density profiles of each helix segment

in ALPS, we observe a slightly shift with respect to each other segment (Fig.6.9 ). That is, the helix

as a whole does not have the same partitioning: while the middle and C-terminal segments colocalize,

the N-terminal segment is shifted towards the phosphates. In contrast, in LWF-A the three segments

conserve the same partitioning position (the center of their Gaussians colocalize) (Fig. 6.9 (b)). The

differential partitioning of ALPS is favored by Gly15 and Gly22 hinges (see previous sections), and
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Figure 6.9: Partitioning of each peptide segment separately in (a) ALPS-bound system and (b) LWF-
A-bound system.

principally by the higher tilt fluctuations of its middle segment, which pull the adjacent segments with

it. This is the result of the concomitant effect of ALPS N-terminal and middle segments tilt and

secondary structure variations.

When we compared the Gaussian distribution of each segment density profile of ALPS against their

respective segments in LWF-A, we realized that the mutated segments, N-terminal and middle segment,

are more compacted in LWF-A than in ALPS. The green and yellow areas in the plots in Figure 6.9,

show the distribution of the density of this segments respectively. This result is in agreement with

conformational changes that are more significant in ALPS than in LWF-A. In the C-terminal which is

the non mutated segment, the size of the Gaussian density is the same for both peptides (the blue areas

in the plots correspond to the density profiles).

A second zoom-in, now to the residues on each segment, allowed us to infer some important features

(Fig.6.10 ). We sought to analyze the residues partitioning in order to correlate this parameter with

their contribution to the global conformational changes. We observed that between ALPS and LWF-A,

several interesting differences appeared regarding the amin oacids, in the N-terminal and the middle

segments. The smaller areas in different colors on each plot (Fig.6.10), represent the density profile for

each type of amino acid. In ALPS N-terminal segment (Fig.6.10 (a and b)), we observed an evident

segregation in the Z-dimension between the polar and hydrophobic residues. The partitioning of the

conserved Serines, Asn6, Leu5, residues in the two sequences is almost unchanged. However a small
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Figure 6.10: Density plots of zoom view of ALPS (upper panels) and LWF-A (lower panels) different
residues partitioning. N-terminal segment (green), middle segment (orange) and C-terminal segment
(blue) partitioning with respect to the glycerol position (yellow area). Each residue color follows the
color code use in other figures.
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shift is detected on LWF-A towards the hydrophobic core (Fig.6.10 (b)). These results illustrate the

long-range effect of the mutations. In ALPS, Tyr13 (darkred) or Met9 (cyan) are mainly in contact with

acyl chains, and in LWF-A, they have shifted about 2.5 Å towards the center of the bilayer (Fig.6.10 (a

and b)). These results are correlated with the orientation of the side-chains and the lipid-peptide and

intra-peptide interactions as I will discuss in the sections 6.5and 6.6. In the middle segment of LWF-A,

the partitioning of conserved serines and threonines has also shifted towards the bilayer center (Fig.6.10

(d)). Regarding the non-mutated C-terminal segment, LWF-A and ALPS have the same partitioning

behavior and we can therefore exclude any outside influence from the other segments (Fig.6.10 (e and

f)).

The partitioning observed in our simulations is in agreement with the calculations of the free energy

transfer from solvent to membrane medium (MacCallum, Tieleman, 2008) (see Fig.2.6) of section

2.2.2). The residues with very favorable energies for an interfacial partitioning (Leu, Met, Leu, Tyr,

Trp, Phe) flank the serines and threonines (not very prone to be at the interface) and make possible

their partitioning at the interface. The Ala present in LWF-A have more favorable free energies of

partitioning at the center of the bilayer than at the interface. This could explain why we observe the

shift of almost all residues of the N-terminal and middle segments in LWF-A towards the hydrophobic

core.

6.5 Lipid-peptide interactions

In order to obtain detailed structural information about the lipid-peptide association at the membrane

interface, we performed an analysis of the radial distribution function (RDF) of the peptide-bound

systems. We explored the arrangement of the lipids around the peptide by calculating their repartition

at different distances of key atoms of specific ALPS residues (Fig.6.11 ). For clarity purposes only

chosen RDF plots of relevant pairs of atoms are shown and discussed in the next paragraphs.

We first analyzed the representative small polar residues in ALPS (conserved in LWF-A) (Fig. 6.11

(a-c)). The narrow peaks located at 0.25 nm for the serine and threonine residues indicate that they

are involved in H-bond formation with the glycerol and phosphate oxygens. The RDF plot of Fig. 5a

indicates that Thr21 can interact with the phosphate oxygens, whereas Thr20 interacts with the glycerol

oxygens (Fig. 6.11 (b). In the case of the serines, they can concurrently interact with both phosphate

and glycerol oxygens (Fig. 6.11 (c)). In all cases, a second peak (major some times) appears at 0.5 nm

showing no direct and specific interaction but the extent of the peptide influence on the lipids. Both

kinds of residues do not display significant interactions with the solvent. It is important to underline

that the lipid organization around the small polar residues is different from that of charged residues,

which are more prone to interact with the solvent, even if they can also establish polar interactions

with different polar moieties of the lipids. Thus, the abundance of serine/threonine residues in ALPS

assures the occurrence of H-bonds between the peptide and the crowded membrane interface.

Considering the hydrophobic face, the different curves observed in Fig.6.11 (d) describe the ar-

rangement that the acyl chains maintain with the hydrophobic residues. The major peaks located at
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Figure 6.11: Radial distribution function plots between characteristic atoms from representative residues
in ALPS and atoms from the different lipid moieties (PO4(O) (blue), Glycerol(O) (yellow), acyl
chains(CH2) (purple). (a) T21(OH)-Glycerol(O) RDF plot. (b) T20(OH)- PO4(O) RDF plot. (c)
serines(OH)-PO4(O) and serines(OH)-Glycerol(O) RDF plots. The first peak at 0.25 nm represents
a first shell of interaction with the lipids, representative of H-bond interactions. The second peak at
0,5 nm represent long distance effects of peptide-lipid interactions. (d) RDF plots of representative
atoms from hydrophobic residues and carbon atoms from the acyl chains; one can see two shells of
interaction with the acyl chains (at 0.5 and 1 nm). All the curves present the same first peak although
they have different g(r) value and some small shifts on the distances are evident. (e) Y13(OH)-PO4(O)
(blue) and Y13(CG)- acylchains(CH2) (purple) RDF plots; Y13 establishes H-bond interactions with
phosphates and hydrophobic interactions with the acyl chains. (f) W16(NH)-Glycerol(O) (yellow) and
W16(CZ)-acylchains(CH2) RDF plots; W16 forms H-bond interactions with glycerol oxygens and es-
tablishes hydrophobic interactions with the acyl chains.
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Figure 6.12: Radial distribution function plots between characteristic atoms from glycines (Cα) and
alanines (Cβ) in ALPS and LWF-A and atoms from the different lipid moieties (PO4(O) (blue), Glyc-
erol(Cβ) (yellow), acyl chains(CH2) (purple).

0.45-0.5 nm indicate a favorable distance for peptide-lipid (methylene) hydrophobic interactions. How-

ever, depending on the nature of the residue, i.e. aromatic or aliphatic, significant differences in curves

width and height are observed. This illustrates a slightly different organization of the lipid acyl chains

around these residues. The more evident effect is for Phe19 (in green) (in this position LWF-A has an

alanine), compared to Phe4 (in yellow) (conserved between ALPS and LWF-A). Interestingly, the curve

corresponding to the acyl chains distribution around alanine residues presents a first narrower peak and

a second larger peak located approximately at 1 nm. The organization of acyl chains of lipids around

alanines in ALPS is identical to that in the mutated positions of LWF-A.

Two aromatic residues in ALPS, Tyr13 and Trp16 have hydrophobic and polar properties, and are

suitable for interfacial interactions. In Fig.6.11 (e) the first peak located at 0.25 nm shows that Tyr13-

OH can form H-bonds preferentially with the lipid phosphate oxygens and Trp16-NH with the glycerol

oxygens (Fig. 6.11(f), in yellow). The second peak observed in both cases is centered at 0.5 nm.

These distributions of the polar headgroups are similar to what was observed for serines and threonines

(see above). The violet curves in both panels correspond to the distribution of the aromatic rings

with respect to the acyl chains. Both curves show the typical distance between an acyl chain and a

hydrophobic group (i.e. 0.5 nm, see above). In LWF-A, H-bonds can be preferentially formed between

Tyr13-OH group and glycerol oxygen and the first peak observed corresponding to the acyl chains

around the aromatic ring increases. This is due to the preferential positioning of Tyr13 close to the

glycerol.

From the RDF plots and from the visual inspection of the trajectory we were able to determine that

the structural deformability of ALPS and the fluidity of the membrane make possible the interactions of

ALPS residues with several lipid moieties and with more than one lipid. Consistently, the RDF of ALPS

Gly22 shows a complex interaction with the surrounding lipids (Fig.6.12 (left)) ). The RDF distribution

of the lipids around the Gly22-Cα showed more order than the RDF of lipids around other residues.

This behavior is not observed in the Gly22 of LWF-A (Fig. 6.12 (center)). Moreover, in ALPS, the

Gly22 (region of flexibility) promotes the contiguous Ala23 to take a partitioning that privileges the
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interactions with the headgroups (Fig. 6.12 (right)). Phosphate(P) and Glycerol (Cβ) showed a first

peak of preferential distribution around Ala23-Cβ at 0.4 nm and their curves display some degree of

periodicity. In the contrary, in LWF-A Ala23 displays the partitioning of the other alanines that are

rather embebed in the hydrophobic core (as in Fig.6.11(d)), and therefore display the usual hydrophobic

interactions. Another example of the reciprocal influence of peptide deformation and membrane fluidity

is the RDF of phosphate(P) and glycerol(Cβ) around Ser17-OH, residue in the center of the middle

segment, for which the weigth of the peaks of these RDF is lower than for other serines.

To summarize, the RDF analysis indicates that all the lipid moieties are packed close to the peptide

(0.25-0.6 nm). Sequence differences between ALPS and LWF-A impact the lipid organization around

different key residues, notably aromatic residues. However, a long distance effect is also detected on

lipid organization around serine/threonine and therefore on their H-bond formation with lipids. The

Trp16A mutation in LWF-A abolishes the dual (H-bonds and hydrophobic) interfacial interactions that

this residue is able to establish, but still maintain that of Tyr13. Furthermore, the conformational

flexibility can influence changes of the lipid-peptide interations in the vicinity of certains aminoacids

(i.e. glycines), as well as impact the order of the lipids (I will discuss this aspects in the next chapter).

6.6 Side chains flexibility and intra-peptide interactions

We observed that there exist an effect of conformers on side chain orientation. The backbone conforma-

tional changes are clearly a consequence of the peptide sequences. However, the membrane interface

environment influences the way these changes take place. The sequence-dependence and the lipid-

environment effect are strongly imbricated. I will consider first the sequence-dependence effect, mainly

governed by the peptide side chains, and subsequently I will introduce the lipid-environment effect that

will be developed in the next chapter. I will begin by discussing the role of side chains on the peptide

conformation stability, and then I will consider their relative orientation with respect to the membrane

interface.

ALPS conformational changes and its partitioning showed an adaptation of each segment of the

Z-shaped structure to the membrane interface. The change on partitioning of different amino-acids

in LWF-A suggested that this latter also tries to display the more adaptable orientation inside the

membrane. Therefore, we analyzed in more detail the role of side chains on the peptide conformation

(Fig.6.13 ). illustrates some representative orientations of ALPS hydrophobic and aromatic residues

located in the proximity of (the mutated residue Leu12 and Tyr13) or within the middle region (the

residues Trp16, Phe19, the two other mutated positions). In the starting conformer (Fig. 6.13(a)),

the aromatic side chains of Trp16 and Phe19 are in a parallel orientation but rather distant from each

other and in phase with Leu12, while Tyr13 is perpendicular to the position of these hydrophobic

residues mentioned. In Fig. 6.13(b), Trp16 and Phe19 get closer in a more favorable parallel stacking

interaction, while Tyr13 side chain approaches the helical axis. Moreover, thanks to the glycine hinges,

the middle region rotates as a rigid body with respect to the N-terminal and C-terminal flanking

segments. This orientation corresponds to the Z-shaped bended-helix (see left snapshot of Fig. 6.13(b))
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Figure 6.13: Structural transition in ALPS and LWF-A middle region. (a) Snapshot of the initial
configuration of ALPS in a perfect a−helix structure, where L12(yellow up), W16(black), F19 (yellow
down) are pointing to the hydrophobic core and Y13 (dark-red) lies at the interface. (b) Snapshot of
an extended configuration of ALPS obtained by the stacking between W16 and F19. (c) Snapshot of a
compact form of ALPS produced by the stacking between Y13- W16 and the hydrophobic interaction
between the T20 methyl group (in pink) and the W16 indole ring. (d) Snapshot of LWF-A illustrating
the interaction of Y13 and M9 in the absence of L12 and W16. L12A, W16A and F19A mutations are
shown in black. In all the snapshots the hinges G15 and G22 that favor the transition between compact
and extended configurations are shown in a gray licorice representation. All the serines and theorines
of the region are in a pink CPK representation.

but some alternative orientations exist where Trp16 switches to privilege a favorable offset-parallel

stacking interaction with Tyr13 (Fig. 6.13(c)) (see left snapshot of Fig. 6.13(b)). In this last case,

Leu12 tends to be in phase with and gets closer to Phe19. In the case of LWF-A conformers, in the

absence of Trp16 and Phe19, Tyr13 adopts a conformation perpendicular to the helical axis that in

absence of Leu12 allows a favorable interaction with Met9 (Fig. 6.13(d)).

In summary, aromatic side chains display many stabilizing interactions, such as parallel or T-stacking,

that are modified or lacking in LWF-A. However, some other intra-peptide interactions that stabilize

ALPS and LWF-A conformers take place, such as those involving Ser/Thr residues.

The middle segment sequence-composition and hence the interactions we just described in ALPS

lead to the transition between a compact and a more extended structure: many aromatic side chain

orientations occur that may contribute to both kind of structures. In the case of the compact structure

(Fig.6.14 ), it is possible thanks to:

• the hydrophobic interaction between the aromatic ring of Tyr13 with the Thr20 methyl group

that have several serines between them (Fig. 6.14(a)) and by the parallel stacking or T-stacking

interactions of Phe19 with Trp16 (Fig. 6.14(b)).

• or by the offset-parallel interaction of Tyr13 and Trp16 at the same time that Leu12 get closer

to Phe19 (Fig. 6.14(b)) when the latter benzene ring is pointing to the center of the bilayer in

almost perpendicular position with respect to the membrane plane (as I will explain in the next

section).

In turn, the extended structure is possible thanks to:
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Figure 6.14: Compacted (a and b) and extended (c and d) conformations and intra-peptide interactions
in ALPS. (same color code as in the precedent figure and Leu (yellow). The N-ter segment (green) and
C-ter (bleu) are represented in ribbons for reference).

• the offset-parallel stacking of Trp16 and Phe19 with Tyr13 pointing to the solvent (Fig. 6.14(c))

and getting closer to Ser17 (residue not visible in this orientation of the snapshot).

• or only the offset-parallel stacking of Trp16 and Phe19

• when all these aromatic residues are completely out of phase from each other and Trp16 interacts

with Thr20 (Fig.6.14(d)).

As I mentioned before, the absence of Trp16 and Phe19 in LWF-A impedes the formation of these

transitive structures. Besides Tyr13 and Met9 interaction, in LWF-A C-terminal segment, the Lys25

can establish H-bonds with the threonines of the middle segment capping the small residues between

them or can form a parallel stacking with its long aliphatic chain with the benzene ring of Phe26. This

interaction contributes to the first curved conformer of LWF-A.

6.7 Aromatic residues side-chain orientations with respect to

the membrane

The last analysis about the intrapeptide interactions prompted us to study in a greater detail the

dynamic and flexibility of the aromatic side-chains. We evaluated the preferential orientation of all the

aromatic residues present in ALPS and LWF-A sequence. Briefly, this was defined as the angle formed

between the normal of the aromatic ring and the normal to the membrane (see section 5.7.3). We

focused on the middle region discussed above. The distribution described in Fig.6.15 shows that Phe19
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Figure 6.15: Orientations of aromatic residues. (a) Schematics showing the vector we defined to assess
the orientation of the aromatic ring with respect to the normal of the membrane. If the vector is parallel
to the normal of the membrane (represented by two black lines) the orientation of the ring is of 0º, if
its perpendicular its orientation is of 90º. (b) Phenylalanines present in ALPS sequence with the color
code of the segment that harbors them; F4 (green), F19 (yellow) and F25 (blue). (c) Other aromatic
residues in ALPS: W16 (black) and Y13 (red). The Y13 of LWF-A (red dashed line) is shown for
comparison.
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(yellow line) can adopt two distinct orientations (120° and 60°). In the first one, the aromatic ring is

perpendicular to the membrane plane facing towards the hydrophobic core whereas in the second one,

the ring gets closer to the membrane interface. Trp16 has mostly a preferred orientation (120°), parallel

to the first Phe19 orientation. In this orientation, the rings are in a parallel/offset-parallel stacking

interaction whereas in the 60° orientation, the rings are in T-stacking. To a less extent Trp16 (75°)

(Fig.6.15) orients the aromatic ring closer to the membrane interface, for interacting with Tyr13 (Fig.

6.14(d)). In turn, Tyr13 preferential orientation is 90° with the aromatic plane perpendicular to the

membrane plane but pointing towards the solvent (Fig.6.14(c)). Interestingly, in LWF-A Tyr13 prefers

the orientation that in ALPS is adopted by Trp16 (Fig.6.15dotted darkred line).

Then, we compared these orientations with the other segments in ALPS. Each phenyalanine residue

has a different preferential orientation according to their peptide location and the neighboring residues.

It is possible that the orientations of Phe4 and Phe26 (Fig.6.15(gree and blue respectively) are the

result of the loss of helicity in those regions (see section 6.2.1) in both peptides. In LWF-A, its higher

azimuthal rotation significantly contributes to this wider range of orientations of these phenylalanines.

In summary, the flexibility of the aromatic rings is restricted or favored by the sequence context. For

instance, Gly15 breaks the helix and in consequence Tyr13 and Trp16 adopt orientations that favor their

mutual interactions. Gly 22 breaks the helix further and in consequence Phe19 adopts an orientation

that makes it interact with Trp16 and Thr20 gets closer to Tyr13. We shall not forget, however, that

these aromatic residues can also establish hydrophobic-hydrophobic interaction (and in some cases polar

interactions) with the lipids that contributes to these panoply of orientations.

6.8 Synchronized Intra-peptide and lipid-peptide interactions

determine ALPS deformability

The lipid-peptide interactions and intra-peptide interactions we described in the last sections occur

at the same time and have an impact on each other. This means that a conformational transition

can favor or avoid certain interactions between the peptide and the lipids. This also implies that the

orientations of, for instance, the aromatic residues and the involvement of Ser/Thr residues in H-bonds

with the phosphate/glycerol moeities of the lipids, play an important role in how this balance between

intra-peptide and lipid-peptide interactions take place. Figure 6.16 illustrate some of these synchronized

interactions. I consider important to discuss in the next chapter some of the effects the peptide can

cause to the membrane. This chapter will give us the bases to further discuss the ensemble of the

results regarding ALPS structure in the context of the lipidic environment.
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Figure 6.16: Synchronized intra-peptide and lipid-peptide interactions (a) offset-stacking between Tyr13
and Trp16 exhibiting their correspondent polar interactions with the phosphate and glycerol groups
and hydrophobic interactioons with the oleoyl chains.(b) Met9 anchored between oleoyl chains. (c)
Interactions of Ser17 and DOPC-glycerol and Thr22 and DOPC-phosphate and (d) between Ser18
and DOPC-choline as exemples of the interactions this residues can establish with the glycerol and
phosphate groups.



Chapter 7

Membrane-peptide reciprocal

adaptation

In the present section, I will focus on the membrane properties and main changes it undergoes due to

the peptide presence. I will describe the effects that ALPS has on the global structure of the bilayer

and the lipid-lipid packing, followed by a description of the main changes in the principal properties

of the bilayer: order parameter, lipid diffusion and bilayer thickness. I will explain these results in the

context of membrane fluidity and plasticity (i.e local membrane deformations).

7.1 Lipid-lipid interactions

In order to obtain detailed structural information about the lipid-lipid associations in the presence of

the peptide at the membrane interface, we analyzed the RDF of the peptide-free systems. The impact

of the peptide on lipid-lipid interactions was evaluated by comparing the lipid-lipid RDF of both with

and without the peptide (Fig.7.1 ). We observed that the main effect of the peptide is to increase the

probability of short-range interactions. The packing of lipids in the peptide surroundings is manifestly

increased compared to the bulk lipids. Moreover, the RDF analysis of lipid-lipid interactions and of

lipid-peptide interactions in section 6.5, indicates that all the lipid moieties are packed closer to the

peptide (0.25-0.6 nm) than between the lipids themselves (0.5-0.8 nm) (Fig.7.4 (a and b)).

7.2 Lipids diffusion

We decided to examine how the increase of lipid packing affected the fluidity of the lipids. As a

qualitative measure we assessed the MSD (Fig.7.2 ) which gives some insights about the dynamics of

the bilayer at long timescale and long-range level. These data reveals that the diffusion of lipids in

the bound-leaflet diminishes in the presence of both interfacial peptides with respect of the non-bound

98
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Figure 7.1: Radial distribution function plot of characteristic atoms of different lipid-moieties between
them. Represents DOPC packing

Figure 7.2: Mean square displacement of DOPC in the presence of ALPS
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Figure 7.3: Order parameter averaged over all ALPS trajectories. The three curves correspond to
associated lipids (red line; lipids that are closer than 1 nm from the peptide in the same leaflet), lipids
from the non-bound leaflet (magenta dashed line) and lipids from a peptide-free system (cyan). The
variation of order parameter of each group is represented as a function of the carbon position, with
C15 corresponding to the methyl end group. The snapshot illustrates one of the possible configurations
that cause the observed effect in lipids order. The symbols guide the reader to the appropriate region
where this occurs: §proximities of the polar heads, *center of the hydrophobic core.

leaflet and the peptide-free system. This means that the presence of the peptide limits the diffusion of

the lipids in both leaflets of the bilayer.

7.3 Order parameter

The peptide-lipid adaptation process largely depends on the dynamics and orientation of the hydrocarbon

chains, which can be assessed by calculating the order parameter (see section 5.7.1.2). This parameter

is related to the average orientation of each acyl C-C bond with respect to the normal to the membrane

plane. The variation of order parameter for each group is represented as a function of the carbons

position, with C15 corresponding to the methyl end group (Fig.7.3 ). High values reflect an ordered

system whereas values close to 0 are representative of a disordered system (see section 5.7.1.2). We

compared the order parameter of three groups of lipids: the associated lipids (lipids closer than 10A to

the peptide in the monolayer that contains the peptide), the non-associated lipids (lipids far from the

peptide in the same monolayer), and the non-bound monolayer lipids. Then we compared these three

groups with the peptide-free system (Fig.7.3).

As expected, in the peptide-free system, the order parameter of the lipids of both leaflets is the

same. The curve that describes both the order parameter of the DOPC peptide-free bilayer corresponds

to the values observed experimentally and in other simulations (represented in cyan in Fig.7.3).
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Figure 7.4: Snapshots of DOPC oleoyl chaisn conformations around the peptide (a) and (b) show the
knob-ito holes arrangement between the bulky hydrophobic residues of ALPS and the oleoyl chains.
(c) and (d) Show the bend around the peptide of the oleoyl chains of the associated lipids and the
partial-transversal diffusion (and or extension) of the oleoyl chains from the non-bound layer to fill the
spaces leaf by the bended oleoyl chains just above.

In the case of the ALPS-DOPC system, in the monolayer that contains the peptide, the associated-

lipids show a significant increase of order near the interfacial region compared to the peptide-free

system. This observation is directly related to the changes in the lipid-lipid interactions, which increase

in this region. These changes are related to the increase in packing induced by the peptide. In

contrast, the order parameter near the methyl group decreases because of the excess of volume generated

by the presence of the peptide just above. This behavior creates some space at the center of the

hydrophobic core, which produces the disorder near the methyl group (in the center of the bilayer).

Other contributions for the high order near the interfacial region come from some methyl groups that

can approach the region near the interface when the acyl chains bends to fill the spaces below the

peptide (Fig.7.4 (c and d)). The order parameter of the non-associated-lipids (Fig.7.3), even if it is

very close to that of the peptide-free system, shows that they have a tendency to become more ordered

near the methyl groups. It may be because the disorder created at this region in the proximities of

the peptide push the distal lipids to get more packed between them as a result of the lateral pressure
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induced by the changes in lipid packing and lipid order.

Compared to the peptide-free bilayer, the order of the leaflet that does not contain the peptide (non-

bound monolayer), decreases all along the acyl chain (Fig.7.3 (dotted line)). However, if we compare

these results with those of the bound-monolayer, we observe that the non-bound monolayer shows the

opposite behavior: a higher order is observed near the methyl groups (in the center of the bilayer),

while the order near the headgroups is smaller (Fig.7.3 (red)). One possible explanation is that the

spaces left by the new conformations adopted by the acylchains around the peptides, are filled by the

extension of the acyl chains from the non-bounded layer lipids (increasing the order of their acylchains

distal regions (see inset in Fig.7.3 and Fig. 7.4(c and d)). At the same time, this displacement toward

the opposite monolayer produces an immersion of the headgroup into the hydrophobic core (a semi-

transversal diffusion as described in section 2.1.4). The immersion generates a space at the polar head

region that would increase the disorder in the non-bounded layer. This process can lead to a thinning

effect of the bilayer in the proximities of the peptide (as we will see in the next section). Globally, the

behavior observed on the order parameter of the bound and unbound-monolayer is correlated with the

bilayer-coupling effect described in section 3.4.2 (see Fig.3.3(d)), which is a natural response of the

membrane to the interfacial insertion of an amphipathic helix. A similar behavior for both leaflets is

also observed in the LWF-A-bound system.

7.4 Bilayer thickness in the presence of the peptides

In the peptide-DOPC system, when we evaluated the bilayer thickness in the proximity of the peptides

there is a difference with respect to the lipids non-associated to the peptide; the portion of the bilayer

near the peptide shows a reduction of its thickness. More importantly, the fluctuations of the bilayer

thickness are larger near the peptide than in those portions of the membrane that are not in direct

contact with the peptide (Fig.7.5). This means that some invaginations are produced as a consequence

of this thinning effect, which is more pronounced as the peptide gets deeper inside the bilayer (Fig.7.6

). The opposite effect is observed when the peptide becomes more superficial. An explanation of this

behavior can be that during the simulation the position of the peptide at the interface fluctuates (with

the fluctuations of the membrane (the reason the strcuture of the bilayer is represented as Gaussian

curves. See section 2.2.1). The middle segment of ALPS can tilt and shift the position of the other

segments with respect to each other following the membrane fluctuations (Fig.7.7 (b)). Moreover since

the bilayer thickness is correlated with the bending of the membranes, the thinning effect observed here,

suggest a degree of curvature.

In summary, the peptide-lipid interactions that determine the structural behavior of ALPS depend

on the partitioning, the bilayer fluidity and plasticity. We clearly observed an orchestrated peptide-lipid

adaptation. The membrane dynamics reflects the wide range of conformations lipids adopt. As a

consequence, instantaneous lipid packing is inhomogeneous (Fig. 7.7(a)). ALPS deformability allows it

to adapt to these local “defects” in lipid packing at the membrane interface displaying H-bonds between

its polar residues and the lipids polar moieties, while the hydrophobic residues display knobs-into-holes
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Figure 7.5: Bilayer thickness of surrounding lipids (close) and the rest of the bilayer (far lipids) as a
function of time. Measured as the distance between the first acyl carbon from the oleoyl chains of both
leaflets.

arrangements with the acyl chains (Fig. 7.4(a) and Fig.7.7(c) ). In consequence, these interactions

limit ALPS diffusion in the membrane. Reciprocally, the partitioning of ALPS in the interfacial region

of the membrane influences the packing of the lipids: the membrane adapts to the presence of ALPS by

modifying the lipid-lipid interactions and their dynamics. In this way, the conformational adaptability

of the acyl chains allows the lipid shape to follow the peptide changes. Hence, the acyl chains can

remain attached to the peptide a long time during the simulations, affecting the lipids diffusion (as we

described in section 7.2).

From the analysis of the order parameter, which provides which lipids are associated as a function

of time, we indeed detected that most of them stay in close contact with the peptide during long

periods of time in the simulations. Unexpectedly, we saw that ALPS and LWF-A possess the same

number of associated lipids during the simulations, which would mean that the restricted deformability

of LWF-A caused by the mutations does not affect the number of peptide-lipid interactions. This result

is correlated with the order parameter and the diffusion coefficient, which show the same tendencies in

both peptides-bilayer systems.

I will now discuss the possible reason why these tendencies are similar in both peptide-DOPC systems

and their effect in the peptide-lipid association. From the visual inspection of the peptide trajectory,

we determined that in the case of ALPS, its lower diffusion can be explained due to the intricate

adaptation between the peptide and the lipid conformations. The acyl chain conformations that lipids

might adopt near the lipid hydrophobic face, can get blocked between the bulky hydrophobic residues
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Figure 7.6: Snapshots of the invaginations consequence of the bilayer thickness variations in the vicinity
of the pepetide.



CHAPTER 7. MEMBRANE-PEPTIDE RECIPROCAL ADAPTATION 105

Figure 7.7: Reciprocal ALPS-membrane adaptation. (a) ALPS-bound system top view of the xy plane,
showing the adaptation of ALPS (ribbons in same color code than before) to the roughness of the
membrane. (b) Snapshot of the Z-bended conformation of ALPS at the membrane interface (middle
segment in cyan and N-ter and C-ter segments in purple, acyl chains in gary, glycerol level represented
by yellow spheres, phosphate in bleu and choline in red). (c) Examples of configurations adopted by
the lipids (gray surface representation) in the proximity of ALPS (colored by residue name, with lysines
in blue, phenylalanines in violet, glycine in white and serines in pink) that adapt by filling the spaces
below it and favor the interactions between the polar residues and the glycerol moieties.
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of ALPS in the knob-into-holes arrangement (described just above). We explained in section 7.3, how

this interactions can induce a decrease in the order near the methy groups. The order parameters in

the case of LWF-A have the same tendency but the inspection of the trajectory let us observe different

conformations of the acyl chains compared to the system ALPS-DOPC. In the LWF-A-DOPC system

acyl chains cannot display the knob-into-holes arrangement, and therefore these acyl chains can either

tilt in order to interact with the hydrophobic Ala of the peptide or get packed against each other (i.e,

the acyl chain of a flanking lipid in one side of the peptide with the acyl chain of a lipid flanking the

opposite side) just beneath the peptide. These differences in conformations around the vicinity of the

peptide decrease the order near the methyl group. Therefore, the transversal diffusion of some acyl

chains from the non-bound layer is accentuated. Additionally, in both LWF-A-DOPC and ALPS-DOPC

systems the lipids establish H-bond interactions with the peptide polar face. This implies that in both

systems some lipids will remain longer period of time near the peptide.

The results obtained here show that ALPS and LWF-A adapt differently to the bilayer rough surface,

displaying different orientations and conformations. This suggests that the lipid-packing recognition is

an orchestrated process between the peptide and the membrane lipids with mutual effects that strongly

depends on the peptide sequence-specific conformational deformability.



Chapter 8

Elucidating lipid-packing influence

on ALPS structure

Our second main objective was to determine the influences of different lipids on ALPS structural

properties. Hence, as I will develop in the present chapter, the comparison of ALPS in different lipid

environments permitted us to unravel some of the effects that the lipid-packing exert in ALPS structure.

We performed simulations using two bilayers with a non favorable lipid content and one more favorable

than DOPC (according to the experimental data). I will present first the results obtained with those

bilayers that experimentally avoid ALPS function (DMPC and POPC), and particularly I will focus on

the effects of changing the acyl chain nature of the lipids. At the end of the chapter I will describe the

simulations on the most favorable bilayer (DOPC-DOG), and I will concentrate on the effects produced

by the introduction of lipids with smaller headgroups.

The description of these results is based on the same kind of analysis used for the results described

in chapter 6 and I will do a constant comparison with those results all along the chapter.

8.1 ALPS in DMPC and POPC membranes: Role of the acyl

chains nature

I performed simulations of ALPS embedded in a DMPC bilayer and POPC bilayer where only one acyl

chain changes with respect to DOPC. We performed three replicas of 120ns of these systems. The

analyses were performed on all the replicas and sometimes averaged over the concatenated trajectories

of all three together. For clarity purposes I will present only some of the most representative figures

and plots.

107
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Figure 8.1: Secondary structure evolution in the three replicas from (a) ALPS in DMPC and (b) ALPS
in POPC

8.1.1 ALPS secondary structure and deformability in DMPC and POPC

In order to understand how these new lipid contexts influence ALPS structural properties, we followed

the evolution of ALPS secondary structure during the simulations (in the three different replicas) of

ALPS-DMPC and ALPS-POPC systems (Fig.8.1 ). The discussion of the results is based on the

averaged properties over all replicas.

In DMPC, ALPS structural transitions in the middle segment remind LWF-A in DOPC (see chapter

6). In the case of ALPS-POPC, the changes in secondary structure are significantly more limited,

sometimes affecting other regions than the middle segment. In both systems, the main secondary

changes take place in the regions of residues with lower propensities. In consequence the helicity

content of ALPS in DMPC and POPC system is also very similar to ALPS and LWF-A helicity content

in DOPC (Fig.8.2 )

8.1.1.1 ALPS structure deformation and orientation

Afterwards, we decided to look at those conformations that ALPS could adopt during the secondary

structure changes in these new lipid environments. In the case of ALPS-DMPC system, the clustering

analysis provided two main populated conformers (96% of the conformations). The most populated

cluster (75%) represents an almost unperturbed straight helix (Fig.8.3 ). The second conformer (21%)

correspond to a slightly bended-helix conformation, that reminds us of the first curved helix conformer

of LWF-A in DOPC.

In the case of ALPS-POPC system three main populated conformers were detected (88% of the
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Figure 8.2: Helicity content of ALPS in DMPC and POPC bilayers compared to ALPS_DOPC system.

Figure 8.3: Clustering analysis of ALPS in DMPC and POPC bilayers.
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conformations) (Fig.8.3). The first one (it covers 54% of the conformations) represents an almost

unperturbed straight helix as ALPS in DMPC (Fig. 8.3). The second one and the third one, which

cover 13% and 11% of the conformations respectively, represent a slightly curved helix (reminding

LWF-A), in the thirth case we observe the amino and carboxyl extremities in coil and in the third case

we see break points in Ser11 and Gly22). Finally, a fourth cluster (9% of the conformations) represents

a structure that starts to resseamble the Z-bended structure of ALPS in DOPC.

Overall, these structural results showed that ALPS in DMPC bilayers is even less deformable than

LWF-A mutant. In POPC ALPS is as deformable as LWF-A in DOPC but with less secondary structure

transitions. Thence DMPC favors secondary structure transitions and POPC favors the deformability,

but neither of these bilayer environments favor both at the same time. Interestingly, in neither of these

bilayers ALPS middle segment tilts as it does in DOPC bilayer

8.1.2 Intra-peptide interactions and aromatic side-chains orientations with

respect to the membrane

The analysis of the intra-peptide interactions showed that in ALPS-DMPC system, the most populated

conformer of the peptide exhibits the residues, Tyr13, Trp16 and Phe19, completely out of phase and

is unable to establish stacking interactions. However, in the second conformer, we observe an offset-

parallel stacking between the Trp16 and Phe19. Moreover, Thr20 methyl group is in contact with the

aromatic rings of Trp16 in the first conformer and with the Tyr13 in the second conformer.

In ALPS-POPC system, the aromatic residues are also out of phase in all the conformers and the

Thr20 methyl group is in contact with the Trp16. These results are confirmed by the orientations the

aromatic residues can take with respect to the membrane interface. This last analysis also showed that

the phenylalanines can either have only one preferential orientation or display more flexibility, as in the

cases of Phe4 and Phe26 from the N-terminal and C-terminal regions, respectively.

The results shown here confirm that ALPS in DMPC and POPC does not display the same intra-

peptide interactions that are observed in ALPS-DOPC system, interactions that favor and at the same

time are a consequence of the deformability of the peptide in the bilayer.

8.1.3 Interfacial partitioning and orientation of ALPS in DMPC and POPC

The partitioning of ALPS at the membrane interface is also maintained all along ALPS-DMPC and

ALPS-POPC simulations. Comparing ALPS-DOPC system and ALPS-POPC system, the partitioning

of ALPS seems the same. However, if we compare ALPS partitioning in DMPC we can see a shift

from the Gaussian curve representing ALPS density, towards the hydrophobic core (Fig.8.4 ). That

means that the Gaussian of ALPS and the Gaussian of the glycerol moiety do not colocalize. ALPS

partitioning in DOPC and POPC bilayers is found between the phosphate and the glycerol, whereas in

DMPC it is slightly shifted from the glycerol position towards the acyl chains. As we will see, this has

major consequences.

When we made a zoom-in to individual partitioning of ALPS N-terminal, middle and C-terminal
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Figure 8.4: General partitioning

Figure 8.5: ALPS Segments in DMPC and POPC

segments (Fig.8.5 ), in both bilayers an important difference became evident: in DMPC ALPS segments

densities are wider and smaller in height than in POPC. This observation is congruent with the more

numerous secondary structure transitions of ALPS in DMPC than in POPC. Furthermore, in DMPC the

N-terminal and C-terminal Gaussians curves almost colocalize with each other (C-terminal is slightly

biased towards the phosphates), whereas the middle segment shifts towards the center of the bilayer

entering in contact with the last methyl group of the myristoyl acyl chains (CH3) (Fig.8.5(a)).

In POPC, the density profiles of ALPS segments show the same tendency observed in ALPS-DOPC

system: the middle and C-terminal segments colocalize, whereas the N-terminal is shifted towards the

phosphates.

Interestingly, the analysis at the level of the residues on each segment (Fig.8.6 ) showed that in

DMPC, in ALPS N-terminal and middle segment all the residues have a bias towards the hydrophobic
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Figure 8.6: Segments residues partitioning

core, whereas the C-terminal segment maintains a normal segregation between its polar and hydrophobic

residues. In POPC, the zoom-in to the residues density profiles showed the same partitioning behavior

than that of the ALPS-DOPC system.

The behavior on partitioning of ALPS in DMPC also reminds the changes in partitioning in LWF-A

with respect to ALPS in a DOPC bilayer.

8.1.4 Response of DMPC and POPC membranes to ALPS presence

We saw that DMPC is not favourable for ALPS deformability and POPC affects the possibilty of

secondary structures transitions. Both effects affect the global flexibility properties we described in

the last chapter, impacting the intra-peptide interactions, and as can be deduced from the density

plots, also impacting the lipid-peptide interactions. At a first glance, an ordered bilayer such as DMPC

abolishes ALPS deformability. The lipid-packing defects created by the mixture of monounsaturated and

unsaturated acyl chains in POPC allow some deformable adaptability of ALPS but without secondary

structure rearrengements. In order to discuss properly this effect and elucidate the influence of membrane

properties on ALPS sensitivity on the lipid-packing, it is important to analyse what is the effect of ALPS

on those membranes, acording to some of their intrinsic properties.
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Figure 8.7: Order parameter of DMPC and POPC

8.1.4.1 Order Parameter 1

The order parameter of our DMPC and POPC peptide-free bilayers is consistent with the values observed

both experimentally and during simulations (Fig.8.7 ). As expected, DMPC bilayers are normally more

ordered than DOPC bilayers, and hence, in the POPC bilayers the palmitoyl chains display greater order

than the oleoyl chains. From the order parameter analysis we were able to determine that in response to

the presence of ALPS in DMPC and POPC bilayers in general, with respect to the peptide-free system

(left panels, blue lines in Fig.8.7), the order increases in the bound leaflet (darkred lines in Fig.8.7)

whereas it decreases in the non-bound leaflet (yellow lines in Fig.8.7). If we decompose the effect on

the bound leaflet in the contribution of associated lipids and non-associated lipids (right panels, red

and green lines respectively) the response of the lipids to the presence of ALPS has the same tendency

than that observed in ALPS-DOPC system. That is, an increase in order near the headgroups and

1Since these results will be explained making reference to the results in ALPS-DOPC system, I refer you to the section
7.3.
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Figure 8.8: Bilayer thickness near and far away from the peptide in DMPC

disorder near the acyl chains of the associated lipids, whereas the non-associated lipids display the very

opposite reaction due to the lateral pressure (see section 7.3) created in the monolayer. However the

impact of ALPS in the order of each bilayer is different: the increase of order near the headgroups of the

associated lipids does not have the same magnitude. Moreover, the order of DMPC saturated myristoyl

chains is higher than the palmytoyl chains of POPC. When ALPS is in the bilayer, the increase induced

in DMPC is higher than in the palmyoyl chains of POPC where the order is increased in only few carbon

atoms. The effect on the oleoyl chains of POPC is almost the same as in DOPC.

8.1.4.2 Bilayer thickness

DOPC, DMPC and POPC bilayers have a different thickness. The divergence of the thickness of these

bilayers with respect to DOPC bilayer is more evident from the density plots (Fig. 8.4). As in the

case of ALPS-DOPC system the presence of ALPS in DMPC and POPC bilayers affects their thickness.

In the ALPS-DMPC and ALPS-POPC systems, in the surroundings of the peptide, a thinning effect

is observed with respect to the distal regions of the bilayer (Fig.8.8 ). Interestingly, in both systems

the fluctuations of both measures (distal thickness vs close thickness) are bigger than in ALPS-DOPC

system. An explanation for this could be that ALPS and the DMPC bilayer or ALPS and POPC bilayer

cannot efficiently adapt to each other. ALPS limited deformability or structural flexibility on each

respective case, leave more free the lipids on its vicinity than in the case of DOPC where ALPS and

lipids are well attached to each other.
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Figure 8.9: Diffusion of ALPS, DMPC and POPC lipids.

8.1.4.3 Lipids diffusion

The mean square displacement calculated for DMPC and POPC in the presence of ALPS (Fig.8.9 left)

shows that DMPC lipids (green and cyan curves) diffusion is higher than POPC (Yellow and orange

curves) or DOPC (magenta and violet dashed curves)) lipids. However, the same tendency than the lipid

diffusion of ALPS-DOPC system is observed. That is, the diffusion of lipids in the bound-monolayer is

lower than in the non-bound monolayer. Furthermore, the difference between leaflets is more remarkable

in DMPC bilayer than in the cases of ALPS-POPC and ALPS-DOPC, which are about of the same

magnitude. This suggets that ALPS considerably reduce DMPC lipids diffusion in the bound leaflet

(green curve). In turn, ALPS diffusion2 in DMPC is more limited (similar to ALPS in DOPC) (Fig.8.9

right, in cyan) than in POPC (in orange), and the diffusion of ALPS in POPC reminds the diffusion

of LWF-A in DOPC. To summarize, the ordered short and saturate myristoyl chains of DMPC, avoid

ALPS deformability. The thin width of the DMPC bilayer induces ALPS to take a more hydrophobic

partitioning that, firstly, pack and order even more the acyl chains, and secondly, limits ALPS-DMPC

polar interactions such as the Ser/Thr mediated H-bonds with the phosphates. However, since all

the hydrophobic interactions take place with the more “rigid” myristoyl chains, some lipids might get

attached to the peptide and therefore lipids and peptide, reciprocally, limit their diffusions. It is possible

that in this process the secondary structure transitions can play a role in lipid-peptide interactions.

2Recall that this was evaluated as a function of the trajectory of the peptide center of mass in the XY plane, and is a
qualitative approximation



CHAPTER 8. ELUCIDATING LIPID-PACKING INFLUENCE ON ALPS STRUCTURE 116

The POPC bilayer is apparently less sensitive to the presence of ALPS, since the order parameter

in both monolayers is just slightly affected. The lipid packing defects created by the combination of a

monounsaturated oleoyl chain with a saturated palmitoyl chain, favor ALPS deformability but do not

seem to favor the anchoring of ALPS to the acyl chains since the diffusion of the peptide in this bilayer

is more important than in DOPC and DMPC. In consequence ALPS on each one of these bilayers

exihibit the structural behavior of an inefficient curvature sensor.

Furthermore, our results showed that there is a less important reciprocal adaptation process between

ALPS and DMPC nor with POPC, as it was seen for the DOPC membrane. They also show that the

same amphipathic helix, inserted at the interface of membranes of different compositions, does not

induce the same bilayer coupling response of the membrane to the inserted molecules. Therefore, the

bilayer thickness and the differential dynamics of lipids of different nature contribute to the membrane

behaviour faced to an amphipathic helix inserted at the interface.

8.2 ALPS in a DOPC-DOG membrane: Role of the size of

polar heads

We also performed simulations of ALPS embedded in a DOPC-DOG bilayer where 15% of the lipids

are DOG (conical, with only and hydroxyl group as polar head (see Fig. 5.8). As in all the other

simulations, we performed three replicas of 120ns of this system and the analysis were carried out as in

the previous cases.

8.2.1 ALPS secondary structure and deformability in DOPC-DOG

The effect of DMPC and POPC on ALPS deformability and structural properties, as we have seen

previously, is very unfavorable to ALPS since it reproduces a behavior that reminds that of LWF-A.

As we did before we analyzed for this new system the effect of lipid-packing defects at the level of

the polar groups on ALPS deformability and flexibility properties. We followed again, the evolution of

ALPS secondary structure during the simulations (in the three different replicas) (Fig.8.10 ).

In DOPC-DOG, ALPS also shows a 310/turn/bend structural transitions in the middle segment in

a similar way it does in DOPC. However, in this new system the transitions extend to the N-terminal

segment reaching Ala8 (this is confirmed in the helicity content plot in Fig.8.11 ). The transitions in

the C-terminal segment reach the Ala30 as happens in ALPS-DOPC system. The first residues of the

N-terminal segment, and the residues 23 to 30 from the C-terminal segment remain helical (the former

more than the latter), manifestly because these Ala contribute to stabilize the helix in both regions.

The clustering analysis in Fig.8.12 show that the most populated conformers cover 93% of the

total conformers of the simulation, in 6 principal clusters that exhibit more curved variations from the

Z-bended structure of ALPS in DOPC (cluster 3[18%] and cluster 4 [8%] and other significantly curved

conformers, cluster 1 [31%], cluster 2 [22%], cluster 5 [7%] and cluster 6 [7%]).
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Figure 8.10: ALPS Secondary Structure evolution in DOPC-DOG

Figure 8.11: Helicity content of ALPS in DOPC-DOG
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Figure 8.12: Clusters of ALPS conformers in DOPC-DOG. N-ter segment is in green, middle segment
in yellow and C-ter segment in bleu.

Concerning the azimuthal rotation of ALPS segments in DOPC-DOG, we observed that the N-

terminal and middle segment do not display a significant change, whereas the C-terminal does. On the

other hand, N-terminal and C-terminal segments do not tilt with respect to the normal of the bilayer,

whereas the middle segment moves significantly more from its horizontal position.

Manifestaly, the mixed bilayer DOPC-DOG favors simultaneously the secondary structure flexibility

and deformability of ALPS.

8.2.2 Intra-peptide interactions and aromatic side-chains orientations with

respect to the membrane

It is not surprising then that a lot of different intrapeptide interactions takes place in all the conformers.

However, the most favored interactions are mostly Tyr13-Trp16 stacking (parallel or offset-parallel)

(Fig.8.13 in clusters 1,3 and 4). The Trp16-Phe19 staking (Fig.8.13cluster 2) and a triple-stacking

involving the three aromatic residues (Fig. 8.13cluster 5) were also observed. In cluster 6 all these

residues were out of phase . Its is also possible to observed that Thr20 its involved in the network of

intrapeptide interactions as it was in ALPS-DOPC system (Snapshots from Fig. 8.13). The preferential

orientations of the aromatic residues with respect to the membrane are consistent with the favorable

Tyr13 and Trp16 orientations for stacking interactions. The possibility of orientations of Phe4 and

Phe26 in ALPS is wider in the DOPC-DOG membrane than in DOPC (Fig.8.13). This is not surprising
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Figure 8.13: Intrapeptide interactions and aromatic orientations. In the snapshots Ser/Thr in pink,
glycines in grey, Tyr13 in red, Trp16 in black and Phe19 in yellow. The axis on each snapshot represent
the orientation of the peptide with respect to the normal to the bilayer (z-axis in bleu) (xy plane between
red and green axis represent the plain of the membrane. The central plot show the orientation of the
aromatic residues with the same color code used before, plus Phe26 in bleu and Phe4 in green.
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Figure 8.14: ALPS partitioning in DOPC-DOG (a) shows ALPS segments partitioning (N-ter, green
solid area; middle, orange solid area; and C-ter bleu solid area) with respect to lipids phosphate (bleu
lines), DOPC glycerol (yellow) and DOG glycerol (orange). (b) and (c) represnet zoom view of the
N-ter segment and middle segment partitioning, respectively with their residues.

since in the latter case Phe4 and Phe26 regions showed a more important loss of secondary structure.

Regarding the aromatic residues of the middle segment, their preferential orientations confirm that

those orientations that favor stacking interactions between them are privileged. It is important to

mention that the triple-stacking between the aromatic residues in cluster 5 disposes ALPS in a particular

conformation in the bilayer where the three residues Tyr13, Trp16 and Phe19 establish interactions with

lipids phosphate, glycerol and acyl chains, respectively at almost the same XY position, aligned in the

Z-axis.

8.2.3 Interfacial partitioning and orientation of ALPS in DOPC-DOG

The partitioning of ALPS at the membrane interface is also maintained all along ALPS-DOPC-DOG

simulations. ALPS in a DOPC-DOG bilayer privileges a partitioning between the phosphate and the

glycerol, the Gaussian density distribution is slightly shifted to the phosphates (Fig.8.14 bleu lines),

but still between the glycerol groups of DOPC and DOG (big yellow and orange areas behind the

segments densities in the plot of the left). From the zoom-in perspective of different segments (N

and C terminal and middle section) partitioning, we observed that all the segments density Gaussians

colocalize. The N-terminal and C-terminal are slightly biased towards the phosphates and the middle

segment Gaussian is biased towards the hydrophobic core. In the zoom-in of the residues, they showed

the same segregation as in ALPD-DOPC system (Fig.8.14 (a and c)).

8.2.4 Lipid-peptide interactions

Performing the same RDF analysis that we did on ALPS-DOPC system, we observed some interesting

differences and many similarities with respect to the control system.

These results are illustrated in Figure8.15 . Based on the distribution of different lipid moeities

around the hydroxyl groups of serine and threonine residues we were able to determine that these

residues, as in the case of ALPS-DOPC system, can establish H-bonds either with DOPC phosphate or
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Figure 8.15: DOPC-DOG-ALPS interactions base on RDF analysis. (a) and (b) RDF of characteristic
atoms from different lipid moieties with repsetc to the Ser-OH group. (c) with respect to Thr-OH,
(d) with respect to Tyr-OH and Trp-NH, (e) and (f) RDF between aliphatic atoms from hydrophobic
residues and DOG and DOPC respectively.
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the glycerol groups. In some cases, the interactions with the phosphates are favored and sometimes those

with the threonines are favored (in particular the interactions with the choline group). Interestingly,

the hydroxyl group of DOG lipids showed a first and predominant peak at a distance of 0.25 nm from

the serine and threonine hydroxyl groups (Fig.8.15 (a-c)), suggesting that these small polar residues

can establish H-bond interactions with the hydroxyl group of DOG. However, the RDF of DOG-glycerol

group does not show a favorable distance for this kind of interactions with these residues indicating

that serine/threonine do not for H-bonds with DOG-glycerol oxygens.

In the case of the residue Tyr13 and Trp16, the RDF analysis with respect to the different lipid

moieties (Fig.8.15(d)) allowed us to determine that in DOPC-DOG bilayers, as in the case of ALPS-

DOPC interactions , the disposition of DOPC lipids around them favor H-bonds interactions between

their polar groups at a distance of 0.25 nm. Also there are hydrophobic-hydrophobic interactions at

a distance of 0.5 nm (Fig. 8.15(e)) as shown in the case of ALPS/DOPC system. In consequence,

Tyr13 and Trp16 display a dual role of polar-hydrophobic interactions in the interface. Concerning DOG

moeities, their RDF distribution around different reference atoms from these two residues showed that

Tyr13 does not show close distance interactions and it seems that the DOG can only favor long distance

interactions (~0.8 and 1nm). However, in the case of Trp16, the RDF shows favorable hydrophobic-

hydrophobic interactions at 0.5 nm (Fig. 8.15(e)), and a first peak the low magnitude concerning the

distribution of DOG-hydroxyl group around Trp16 (Fig.8.15(d)). These interactions are correlated with

the intra-peptide interactions and the orientations of the aromatic side chains discussed in section 8.2.2

and Fig. 8.13.

With respect to the hydrophobic residues, such as Phe19 and Leu12, the RDF reveals interesting

data: The RDF of DOPC moieties around these two hydrophobic residues shows that the preferential

distance for interactions is exhibited by the acyl carbons of the lipids at a distance of 0.5 nm. However,

in this case the interactions with the terminal acylchain methyl group become more evident. On the

other hand, the RDF of DOG atoms around these hydrophobic residues shows that the DOG are closer

from these residues than DOPC lipids, this can be inferred from the curves that present a peak at closer

distances (~0.35nm instead of 0.5nm) (Fig.8.15). The first peak seen in Figure 8.15(e), corresponds

to a close (0.35 nm) interaction of the aliphatic carbons of Phe19 and Leu12 with DOG hydroxyl

group. The second peak corresponds to the interaction of these residues with the glycerol moiety.

The other RDF curves, more wider (covering distances from 0.35 to 0.5 nm or more), correspond to

the hydrophobic interactions between the aliphatic carbons of Phe19 and Leu12 residues and the acyl

chains.

In summary, the oxygen atoms from the DOPC and DOG lipids are disposed at favorable distances

from ALPS serine and threonine residues, in order to establish H-bonds. The Tyr13 and Trp16 can

display a dual role as hydrophobic and polar residues favoring both kind of interactions with both types

of lipids (this is particularly true for Trp16). An interesting detail obtained thanks to this analysis was

that DOG have a distribution around the aliphatic carbons of Phe16 and Leu12 that enhance their

hydrophobic interactions and the interaction with DOG-hydroxyl group.
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Figure 8.16: DOPC-DOG interactions from RDF analysis

8.2.5 Response of DOPC-DOG membrane to ALPS presence

A DOPC-DOG bilayer completely favors ALPS deformability and flexibility properties. It also produces a

tight packing of the lipids towards the peptide, which favors in consequence short distance interactions.

At a first glance, the lipid-packing defects created by the conical lipids with smaller headgroups induces

ALPS to adopt different conformers that contributs to its better adaptation to the inhomogeneities

found at this level. The intrinsic properties of ALPS and the response of the DOPC-DOG membrane

to its presence should contribut to this favorable effect.

8.2.5.1 Lipid-lipid interactions

With respect to the packing between lipids, the RDF analysis of DOPC-DOPC interactions shows

that DOPC lipids in the DOPC-DOG bilayer display the same distribution as in the DOPC membrane

favoring the packing. This can be inferred because the height of the peaks is higher and the width of

these peaks thinner (Fig.8.16 (a) ), than in the DOPC pure (Fig.7.1). When we calculated DOG-DOPC

interactions, we observed that the distances between both lipid acyl chains are the same than between

DOPC-DOPC. Moreover, the distribution of DOPC moeities around DOG-hydroxyl group showed that

the DOG-hydroxyl group can manifestly establish H-bond interactions with DOPC-glycerol oxygens and,

in a less measure, with DOPC-phosphate oxygens (Fig.8.16 (b)).

8.2.5.2 DOPC-DOG membrane lateral and transversal dynamics

We calculated the diffusion of DOPC lipids in the membrane and observed that ALPS did not reduce lipid

diffusion as it happens in ALPS-DOPC system: both leaflets display the same mean square displacement

very close from the non-bound monolayer in ALPS-DOPC system (Fig.8.17 left). It was not possible,

however, to determine accurately, the mean square displacement of the DOG due to methodological

constraints, i.e. the limited number of molecules and the time scale. The introduction of DOG in a

DOPC membrane induces different dynamic effects, for instance, we observed a spontaneous flip-flop
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Figure 8.17: DOPC-DOG dynamics (left) lateral diffusion and (right) flip-flop

of the DOG lipids during all the simulations. We measure it as the trajectory in z-axis of the center

of mass of the DOG molecule (Fig.8.17, right). Associated with this flip-flop, the thickness of the

DOPC-DOG bilayer showed more significant variations caused by the presence of the peptide (Fig.8.18

). Both the thickness of the bilayer close to the peptide and far away from it fluctuate stroingly than

in ALPS-DOPC system. This is particularly the case for the close regions, where maybe there exists a

contribution of both: the thinning effect induced by the peptide (as in the case of ALPS-DOPC system

explained in section 7.4, a partial DOPC transversal diffusion) and the that induce by the DOG flip-flop.

8.2.5.3 Order parameter

Because of the DOG flip-flop it was difficult to calculate the order parameter for the DOG and been sure

of having the same number of DOG molecuales in both leaflets all along the simulation. Thats why we

assessed the order parameter solely for the DOPC lipids in both the pure system and the peptide-bound

system (Fig.8.19 ). In the DOPC-DOG peptide-free system, the order of the DOPC-DOG lipids in

the upper leaflet is higher than in the lower leaflet, may be because of the flip-flop of DOG. Other

contribution to this behavior could be that, the cylindrical lipids in DOPC bialyer can be organized in

a perfectly flat bilayer, whereas in a DOPC-DOG bilayer, the conical DOG lipids are maybe inducing a

local negative spontaneous curvature of the bilayer, packing and ordering the upper leaflet lipids.

When the order parameter of DOPC in the ALPS-DOPC-DOG system is measure, ALPS present at

the interface of this bilayer in the upper(bound) leaflet, interestingly, the difference in order between

the bound and non-bound leaflet dissapears. When we assesed the order parameter of associated and

non associated lipids (DOPC) the order parameter tendencies are the same as in ALPS-DOPC system:

ALPS increase the order near the headgroups but reduce th order of the distal parts of the acyl chains.

Somehow the effect ALPS induce in DOPC-DOG membrane (DOPC order in particular) in the bound

leaflet, could counteract the effect of the DOG (that result from the flip-flop and/or its shape), inducing

a local positive spontaneous curvature, that results in the lateral pressure generated by the presence of

the peptide. When we evaluate the order of the DOG separetly in the peptide-free system and in the
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Figure 8.18: DOPC-DOG Bilayer thickness variations

Figure 8.19: Order parameter of DOPC-DOG
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ALPS-bound system it always showed the same order parameter, more disordered than DOPC. As we

mentioned, it is difficult to assure that the claculations is considering the same amount of lipids in both

monolayer, due to the flip-flop assymetry generated.

Manifestly ALPS adapts to the lipid-packing defects created by the conical and more dynamic DOG.

8.3 Effect of the lipid-packing on ALPS deformability

Overall, the lipid-packing defects created in a mixed DOPC-DOG bilayer sustantialy contribute to ALPS

deformability and flexibility, four important properties of the DOPC-DOG bilayer contribute to this :

1. DOG induces DOPC-DOPC packing and increases their order.

2. DOG can interact by making H-bonds either with DOPC lipids oxygens or with ALPS residues.

3. DOPC-DOG membrane exhibits spontaneous local negative curvature cause by the conical DOG

lipids.

4. Besides its shape, DOG transversal dynamics, also contributes to the inhomogeneities of the

membrane. Therefore this property should be an element to take in consideration to understand

ALPS lipid-packing recognition.

Moreover the presence of ALPS:

1. ALPS insertion induce a bilayer coupling response that induce positive curvature of whole the

system and its able tu adapt to lipid-packing defects generated by both the shape and the lipids

dynamics.

2. The intra-peptide interactions (stacking) between aromatic residues favored by the environment-

induced deformability, allow ALPS to span the z-dimension at the membrane interface. In con-

sequence ALPS establish interactions at three levels, the phosphate, the glycerol and the acyl

chains, with residues than can establish polar and hydrophobic interactions simultaneously (as

Trp and Tyr).

In contrast, in the absence of lipid-packing defects, as in DMPC, ALPS deformability is avoid. In

this case the secondary structure changes produce by the lipid environment are not by their own able

to contribute to deform ALPS. In consequence many intrapeptide interactions are avoid, as well as

lipid-peptide interactions. The introduction of some degree of inhomogeneity in the membrane by

the inclusion of unsaturated chains can contribute, in some degree, to deform ALPS but favoring

less secondary structure changes in differnt places than the middle segment, and in consequence the

intrapeptide and lipid-peptide interactions that we observe in ALPS-DOPC and ALPS-DOPC-DOG

systems are not present anymore.

These results show that the deformability and structural flexibility of ALPS and the presence of

lipid-packing defects in the membrane are correlated. They also showed that this deformability is not
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only sequence-dependent but respond to the environment. Therefore, this plasticity of ALPS must be

of relevance for its curvature sensitivity.



Chapter 9

Novel atomistic view of ALPS

curvature sensor lipid-packing

recognition

This is the first time that an ALPS motif is simulated; it therefore represents a landmark in the

simulation field of membrane-shape related proteins, as well as in the field of interfacial amphipathic

peptides. Although the simulation conditions, i.e. an already folded peptide interacting with a small

membrane patch, did not permit to directly elucidate the curvature sensor mechanism, the present

comparison between two peptides with different affinities for small liposomes yields indirect but valuable

information about this mechanism. It allows revisiting the simplistic vision of the peptide as a simple

tube with two opposite faces, one in contact with the membrane interior and the opposite one facing

the solvent. Thus, the present study clearly emphasizes the importance of the peptide conformational

flexibility and deformability, as well as the intricate role of small polar and aromatics residues to drive

and stabilize the anchoring of the peptide in the membrane. In particular, it allowed us to clarify the role

of the intrinsic lipid-packing defaults in the properties of the ALPS recognition motif and extend our

explainations to other ALPS-like sequences previously identified. In the next sections, these different

aspects are discussed at the light of experimental data and prevailing models.

9.1 Importance of the local 310 motif in ALPS helix deforma-

tion and adaptation to the membrane

Our results show for the first time the molecular details and the importance of the sequence-specific

conformational deformability of ALPS peptide over LWF-A. ALPS peptide within the membrane remains

globally α-helical in our simulations, a result that is fully consistent with CD experiments of ALPS

incubated with liposomes (Bigay et al., 2003; Drin et al., 2007). Nonetheless, our work also showed

128
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that ALPS helix undergoes local deformations that are untraceable with a low-resolution technique

such as CD. We could also assess the stability of LWF-A helix within the membrane, which is difficult

to do experimentally because of the lower affinity of LWF-A binding to liposomes compared to ALPS

(Bigay et al., 2005). We found that LWF-A only exhibits light natural helix bending (as frequently

observed in MD simulations) with numerous small transitions. In contrast, ALPS adopts distinct stable

conformations, the dominant one being a deformable helix-turn/310-helix “Z-shaped” conformation.

This latter result is consistent with the experimental data that showed this S/T rich region induces

a drop in the probability of α-helical content (Drin et al., 2007; Bigay et al., 2005). This 310-helix

structural motif, whose periodicity and twist differ from a pure α-helical motif, is stabilized by the

Ser/Thr residues that lie in the proximities and which favor the stabilization of interactions between

aromatic residues, as well as interactions between the peptide and the lipid chains. Interestingly, NMR

and CD experiments, as well as MD simulations have shown other examples of membrane interacting

peptides that present a small 310 helix portion (Freitas et al., 2007; Gao and Wong, 2001; Marty et al.,

2009; Okuda et al., 2008) on their membrane-binding domains. This may suggest a role for these local

and small 310 motifs in the correct partitioning of those proteins. The case of annexins is of particular

interest since Annexin II has a membrane-binding domain that presents a 310 helix segment (Hong et al.,

2003) and Annexin B12 has been proven to be a membrane curvature sensor (Fischer et al., 2007).

Whether the curvature sensitivity could be correlated with the 310 helix is still unclear but the present

study brings new insights into the potential role of this motif. It would be interesting to perform NMR

experiments to validate this hypothesis.

We also were able to determine that different lipid bilayers can impair secondary structure transitions

and deformability. These different membranes can even produce that ALPS behaves as LWF-A, that

is, as an indeformable or inflexible motif. For instance, in DMPC ALPS undergoes limited helix-

turn/310-helix transitions in an indeformable state, whereas in POPC ALPS undergoes more significant

deformations forming turns and bends in other regions. In neither of both cases a 310-helix structural

motif that could stabilize aromatic residues interactions can be observed. Interestingly, a mixed DOPC-

DOG bilayer, enhances both the helix-turn/310-helix transitions and the deformability, inducing ALPS to

adopt a wider panoply of curved and Z-shape conformations and intra-peptide interactions particularly

favorable to span the interface z-dimension in order to optimaly detect the lipid-packing defaults. These

results are consistent with the experimental data that shows that the mono-unsaturated acyl chains

and the small headgroups enhance ALPS binding to the liposomes, whereas unsaturated lipids are

unfavorable for this binding (Antonny et al., 1997b) (see section 4.3.4). Thus, our results suggest

an environment dependence of ALPS conformational deformability and sequence-specific structural

flexibility. This implies that the optimal environment for ALPS curvature sensitivity is that one where

there is a synchronic potentiation between the sequence-specific effects and environment-dependent

effects. I will develop this explanation in the further sections of this chapter starting with a discussion

on the environment dependent effects, and then I will continue with the details about the sequence

properties dependent effects.
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9.2 Dynamic lipid-packing defaults as mayor potentiators of

ALPS deformability and adaptability

The prevailing model about ALPS curvature sensor attributes to ALPS the capacity to recognize the

lipid-packing defaults created by the curvature of the membrane. Our results complement this view

analyzing the intrinsic lipid-packing defaults in different lipid composition membranes. These inho-

mogeneities, when they are present, are not static and depend on the lipid dynamics. The bilayer

fluidity and its plasticity determine the peptide-lipid interactions that affect ALPS structural behav-

ior. ALPS partitioning at the interface represents an optimal orientation to simultaneously detect the

inhomogeneities created at the level of the acyl chains and to those formed at the level of the polar

headgroups. ALPS deformability and structural flexibility are the perfect strategy to adapt its structure

to these lipid-packing defaults while inducing adaptative dynamic response of the membrane that leads

to a bilayer-coupling effect and a reciprocal orchestrated adaptation process.

ALPS and LWF-A adapt differently to the DOPC bilayer rough surface, displaying different orienta-

tions and conformations. The change in the hydrophobic moment of LWF-A with respect to ALPS and

their differences in hydrophobicity, contribute to this difference. For instance, ALPS bulky hydrophobic

residues (absent in LWF-A) are anchored in the membrane and limit its rotational liberty. Moreover,

this anchoring limits ALPS diffusion in the membrane and simultaneously reduces the lipid diffusion.

On the other hand, LWF-A diffuse more in the membrane because it has a limited anchoring. These

behaviors are clearly sequence-specific responses to the lipid environment.

As I mentioned before, the lipid context can drastically affect ALPS structural properties. For

example, the lipid context can make ALPS behave as the inefficient curvature sensor such as LWF-A,

as we saw inr DMPC and POPC bilayers. Moreover, these membranes abolish the mutual adaptation

process. In DMPC the ordered saturated myristoyl chains do not leave enough space for ALPS to

be freely deformed nor to anchoring the membrane by knob-into-holes of its bulky aromatic residues

to the acyl chains. In DMPC membrane ALPS does not significantly diffuse because the lipids are

distributed too tightly. Moreover, even if the POPC membrane possess spaces created by the oleoyl

chains that allow ALPS to slightly deform, the order imposed by the palmitoyl chains limits ALPS

secondary structure transitions and avoid the knob-into-holes anchoring of ALPS to the oleoyl chains,

which therefore reduces its diffusion.

In DOPC and DOPC-DOG membranes, the circumstances are entirely opposed. Here we clearly

observe an orchestrated peptide-lipid adaptation. The membrane dynamics reflect the lipids adaptation

to a wide range of conformations. Moreover, the cavities formed by the headgroup-lack DOGs and their

transversal dynamics, create an interfacial landscape in constant change. In consequence, instantaneous

lipid packing is inhomogeneous. ALPS deformability and structural flexibility is enhanced in this mem-

brane due to these local defaults in lipid packing at the membrane interface. ALPS display H-bonds

between its polar residues and the lipids polar moieties. Moreover ALPS hydrophobic residues can make

knobs-into-holes arrangements with the oleoyl chains, as it was observed in DOPC. Manifestly, all these

are environment-dependent deformability responses of ALPS structure.
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In response to the presence of the peptide, the DOPC and DOPC-DOG membrane can adapt by

modifying the lipid-lipid interactions and dynamics. Indeed, the partitioning of ALPS in the interfacial

region of the membrane influences the packing of the lipids. The partitioning of the amphipathic

peptides at the level of the glycerol in one monolayer of the membrane produces an asymmetry in the

system, which accordingly to the monolayer asymmetry model (Devaux, 2000), produces an expansion of

the bound leaflet. This induces a stress in the non-bound leaflet curvature leading to positive membrane

curvature (Bechinger, 2009) (see section 3.4.2 and Fig. 3.3(d)), which may counteract the negative

spontaneous curvature of the DOG. The space occupied by ALPS in the bilayer interface increases

the density of an already crowded environment. In this context, the complex behavior of the order

parameters reported in chapter 7 and 8, and the effects of the peptide on the order parameter of the

non-bound leaflet, may reflect an induced local curvature of the system that increase the defaults of

the flat membrane. However, since we are using periodic boundary conditions it is difficult to assess the

amount of curvature generated. Interestingly, in the particular case of DOPC-DOG bilayer, where the

combined effect of DOPC partial transversal diffusion (in response to the presence of the peptide) and

DOG flip-flop induce the formation of larger invaginations of the bilayer (changements in the bilayer

thickness). This clearly suggests that the binding/lipid-packing recognition is an orchestrated process

between the peptide and the membrane lipids nature and dynamics.

9.3 ALPS sequence: an optimal synergy between polar and

hydrophobic steric interactions

In the orchestrated scenario of environment-dependent and sequence-specific conformational deforma-

bility, which are the main sequence features than make possible the lipid-packing sensing of ALPS? We

detected a sequence pattern Bulky-small&polar-Bulky in its amphipathic α−helix that provides impor-

tant insights to answer this question. This pattern achieves such a task thanks to its residues that exhibit

specific (1) partitioning, (2) propensities to form α-helices, (3) steric effects and (4) conformational

liberty.

1. According to interface-partitioning energies assessed experimentally (Wimley and White, 1996;

White and Wimley, 1998) and by in silico calculations (MacCallum et al., 2007, 2008) (see

Fig.2.6), the most favorable interfacial partitioning energies in ALPS correspond to Leu, Met,

Tyr, Trp, Phe and Lys. These residues (with the exception of Lys) flank the serines/threonines

(residues with less favorable interface-partitioning energies) and favor their partitioning at the

interface. Their absence in LWF-A could disfavor the peptide interface-partitioning and thus

impairs its binding to the membrane.

2. According to the propensities to form helices (explained in section 2.3.2, Fig.2.9), 51% of ALPS

residues, principally concentrated in the middle segment (Trp, Tyr, Ser, Thr, Gly, Met), have

intermediary propensities to form helices in hydrophobic environments and very low propensities

to do so in aqueous environment. The latter would favor the emergence of helix-turn/310-
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helix. In turn, Phe, Leu1 and Ala (30% of ALPS residues) have high propensities in hydrophobic

environments, and in aqueous solution, they can either have high propensities (Ala, Leu and

Ile ) or low propensities (Phe and Val) (Liu and Deber, 1998b). In TM proteins, the helical

propensity of hydrophobic segments with different compositions, decrease in the following order:

Ala-Leu-rich> Gly-Leu-rich> Gly-Ile-Val-rich (Li and Deber, 1992b). This suggests that Gly and

β-branched residues may provide, partially, the structural basis for conformational transitions.

Moreover, serines and threonines have a modulator role of the helical structures in TM proteins,

stabilizing local distortions (Deupi et al., 2009; Ballesteros et al., 2000; Deupi et al., 2004).

It is therefore possible that these amino acids also play a similar role in interfacial proteins.

Thus, in ALPS, Ser/Thr flanked by residues with high helical propensities would favor an helical

arrangement of the residues while maintaining the ability to deform.

3. The hydrophobic residues in the N-terminal and middle segment of ALPS are mostly bulky and

aromatic. As we showed, the shape and geometry of these aromatic residues favors their steric

and hydrophobic interaction. The amphipathic character of ALPS must be guaranteed, and at the

same time, must limit the obstacles for the hydrophobic interactions. Serines have been shown to

decrease the mean hydrophobicity without creating steric clashes (Jonson and Petersen, 2001).

Moreover, the polar character of these residues makes them ideal candidates to be between the

bulky hydrophobic residues and establish polar interactions with the lipids.

4. The organization of the hydrophobic and polar residues based on the steric and hydrophobic

effects is an important feature of ALPS motifs. In this context, the neighboring serines/threonines

provide the perfect hydrophilic and steric balance needed to maintain the H-bond contacts that

allow ALPS to explore the lipid-packing defects at the level of the headgroups, while the multiple

conformations of the bulky residues explore the lipid-packing defects at the level of the acyl chains.

In this respect, the presence of aromatic residues with potential dual roles (as Tyr and Trp for

instance, but also Met) could represent and advantageous feature.

We propose that a synergy between the bulky hydrophobic anchor to the membranes and small po-

lar residues-lipids H-bond network, improves the affinity of ALPS to bind highly curved membranes,

acquiring a helical arrangement. The deformable helix-turn/310-helix represents the perfect strategy

to correctly dispose the hydrophobic residues in their most favorable orientation with respect to the

membrane interface, in order to specifically anchor the peptide in a dynamic and adaptative manner.

The pattern in ALPS consists of a series of Bulky-small&polar-Bulky motifs (BssB) (Fig. 9.1 ), where

the ‘s’ stands for small polar and neutral residues (as serines are the most frequent one, then threonines

and glutamines/asparagines) or glycines; and ‘B’ stands for bulky hydrophobic residues. ALPS exhibits

a central pattern with three consecutive BssB motifs covering Met9 to Phe19 (MssLYsgWssF) (Fig.9.1).

In fact, it is in this region where the transitions turn-310/helix are observed. The bulky aromatic residues

Tyr, Trp and Phe are very close to each other, hence flexible small and neutral polar residue should

separate them thus allowing stacking interactions and the performance of dual polar and hydrophobic

1and β-branched residues, such as Ile and Val
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Figure 9.1: Bulky-small&polar-Bulky motifs in ALPS sequence. Snapshot of ALPS structure, showing
VDW representations of Bulky hydrophobic residues in yellow , the Bulky aromatic residues Tyr13 (Y)
and Trp16 (W) in red and black respectively. Lysines (K) from the C-terminal segment in bleu VDW
representation. Ser/Thr (small and polar residues (S/T)) in pink licorice representation, alanines (A)
and glycines (G) gray licorice representations. ALPS helix is represented as a ribbon colored N-terminal
segment in green, middle segment in yellow, and C-terminal segment in bleu. Asn6 (N) and Met9 (M)
in lightpink and and atom-name color VDW representations, respectively.

interactions of Tyr and Trp with the lipidic environement. The BssB pattern described above supposes

that two small polar and neutral residues separating two neighboring bulky hydrophobic residues allows

these latter to freely adopt a greater number of orientations. These ”s” intermediary residues avoid the

possibility of forming an intrapeptide hydrophobic-hydrophobic rigid structure, and stabilize favorable

secondary structure for the exploration of the rough interface.

This BssB motif allows us to explain (i) the relevance of ALPS conformational deformability, (ii)

how the small polar residues could contribute to the lipid-packing recognition and (iii) why the aromatic

anchors in ALPS sequence could be one of its most important attributes. The following part of the

discussion will focus on these aspects.

9.4 Sensing properties of the Bulky-small&polar-Bulky motif

at the light of experiments

Antonny and coworkers first discovered ALPS sequence sensitivity to curved membrane thanks to its

ability to sense lipid packing defects. They tested experimentally a number of mutants that allowed them

to understand the role played by the different residues (Bigay et al., 2005; Drin et al., 2007). They found

two particularly important features, i) the presence of bulky hydrophobic residues which contribute to

the affinity of ALPS binding to membranes; ii) the presence of small polar residues (serines/threonines)

and the concomitant paucity of charged residues that contribute to the specificity of ALPS for curved

membranes. Our interpretation at the molecular level described above fully complements and improves

the model of Antonny and coworkers. In the following, we discuss in more details the relevance of the

BssB motif into ALPS lipid-packing recognition properties at the light of the experimental results of

Antonny and co-workers.
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We described that serine/threonine residues are important H-bond partners of lipid oxygens. The

charged residues can, in a way, also establish this kind of interactions with the lipids. If a small charged

residue, such as the aspartate, is introduced at the expense of serine/threonine residues, the effects

may not be so notorious, but if the bulky lysines are placed between the bulky hydrophobic residues,

the steric hindrance prevents the conformational freedom of the bulky hydrophobic residues and the

possibility of interactions between them. Indeed, this is likely what happens in some of the mutants

Antonny and co-workers worked on, when lysines are introduced at the expense of Ser18 and Thr20,

which are known to produce key intrapeptide interactions in ALPS middle segment structure. On

the other hand, a lysine at the place of Tyr13 may favor dual hydrophobic-polar roles as described in

this work for Tyr13 and Trp16. It would be very interesting to create mutants in order to isolate the

possibility of this effect.

Consistently with the BssB hypothesis, LWF-A presents a completely disturbed BssB pattern, a

bulky residue, Met9 and Phe24 flank some small polar residues but also alanines over a long part of

the sequence (MssaYsgassattgaskF) (Table 9.1 ). Therefore, even if it still exhibits the organization

of an amphipathic α−helix, it is no longer able to form the network of intrapeptide interactions that

we observe in ALPS. The absence of Trp16 and Phe19 in LWF-A avoids the conformational diversity

and the adaptative anchor to the membranes. Indeed, the hydrophobic interactions with the lipids are

not the same, and the dual-role of Trp16 interaction with both polar and hydrophobic lipid moieties

is abolished. It is worth mentioning that since the polar residues in ALPS and LWF-A are conserved,

some of the roles attributed to these residues remain unchanged, like the H-bonds they can display

with the oxygen atoms of the lipids. The presence of Tyr13 and the remaining bulky residues in LWF-

A contribute to maintain a weak specificity to small liposomes. On the other hand, the interactions

established by S/T residues with the lipids at the interface of the membrane, may allow LWF-A to

maintain certain degree of affinity.

With respect to the lipid-packing, our BssB hypothesis would also explain why ALPS is sensitive to

cone-shaped lipids (Antonny et al., 1997b) as DOG (with only a hydroxyl group as polar head). The

Ser/Thr rich regions can either make interactions with the DOG hydroxyl group or with DOPC glycerol

oxygens. Moreover, the conformational liberty of the bulky hydrophobic residues allow tight contacts

with DOG and DOPC oleoyl acyl chains. Interestingly, in DOPC-DOG membranes, the increased in lipid-

packing defauts by lipids shape and dynamics also favor the ALPS adoption of a 310-helix structure.

Helped by ALPS vast deformability in this environment, this secondary structure can anchor to the

membrane disposing the aromatic residues in favorable stacking orientations to span the Z-dimension of

the interface, from the acylchains (Phe19 at this level), passing throught the glycerol (Trp16 interacting

with it by polar and hydrophobic interactions), reaching the phosphate level (thanks to the more polar

Tyr13).

Finally, we propose that in those membranes without flexible acyl chains and showing less packing

defects at the level of the hydrophobic core, (DMPC and POPC membranes), the bulky hydrophobic

residues of ALPS would not be able to adapt so easily because of impared deformability and structural

flexibility.
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Table 9.1: Bulky-small&polar-Bulky motif patterns found on ALPS and other ALPS-like sensors. First
the pattern is highlighted on the sensor motif sequence with uppercase (bulky residues) and lowercase
(the rest of the residues). Charged residues (in BspspspB motifs or bigger) are marked in gray or with
a slash. Below, the sizes of the patterns are represented: BspspB is the smallest motif (green), and
BspspspB (yellow). Longer motifs are in black. In BspspB, B= L, T, W, Y, I, V (bulky residues with
favorable interfacial partitioning); sp= small polar and neutral residues S, T, N or G in the case B is
aromatic (alanine can be sometimes present). The third representation of the pattern, highlights the
preponderance of aromatic residues in ALPS sensor motif.When only the aromatics are considered as
Bulky hydrophobic residues, an A is marked at the place of B in the table patterns (if other hydrophobic
residue in B position, then a slash is found. For each protein ALPS-like motif, “AL” states for ALPSlike
and then the name of the protein is given.
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9.5 Bulky-small&polar-Bulky pattern in other ALPS-like mo-

tifs: ALPS the paradigm

The Bulky-small&polar-Bulky pattern we proposed for ALPS is also present in the second ALPS motif

of ArfGAP1 and in the Gcsp1 yeast homologue (Table 9.1). Two important differences with respect

to ALPS are highlighted. The first one corresponds to the nature of the hydrophobic residues in the

Bulky positions (valine overrepresented), the second one is related to the number of sp in the BssB

motif. Val and Ile are overrepresented in soluble β-sheets and thus considered to be helix breakers (Doig,

2005; Dahl et al., 2008), suggesting less helical content in ALPS2. However we mentioned before that

β-branched residues may partially provide the structural basis for conformational transitions. Indeed,

CD experiments showed that ALPS2 helicity content was lower than in ALPS because it binds less

efficiently to small liposomes (Mesmin et al., 2007) and acts in a cooperative way with ALPS to

increase the sensibility to high curvature (Mesmin et al., 2007). Nonetheless, even if ALPS2 have

more helix-breaking residues, its specificity and affinity for small liposomes is better than LWF-A (where

alanines, which are helix-former, are overepresented). This implies that the helical arrangement is only

the perfect strategy to correctly dispose the hydrophobic residues in their most favorable orientation

with respect to the membrane interface, but does not improve the curvature sensing capacities.

Remarkably, the Bulky-small&polar-Bulky pattern is also present in other ALPS-like motifs that

have been confirmed to sense the curvature (see Table 9.1) (Drin et al., 2007; Gautier et al., 2008).

However, it presents on each case different important variations concerning the nature of the Bulky

residues as well as the distribution of the BssB pattern along the curvature sensor motif. For instance, in

the ALPS-like motif of GMAP-210, an uninterrupted pattern of BssB repetitions all over the sequence

is manifest. In the case of Nup133 ALPS-like motif, its specificity for small liposomes is evident but it

binds them with less affinity than ALPS (Drin et al., 2007), the BssB motif is found two times with a

gap between them. In both ALPS-like motifs, the first intriguing characteristic is that the proportion

of aromatic residues is considerably smaller (Nup133 only has one F). In GMAP-210 the Trp and the

Phe are in the borders of the pattern and recognize the curvature binding to the membrane as a dimer.

As we described, ALPS motif YsgWssF favors stacking interactions between the aromatic residues

and stabilize the helix-turn/310-helix structure. This suggests that the aromatic-aromatic interactions

probably represent an important feature that improves the anchor and recognition of the lipid packing

defects on highly curved membranes. In GMAP-210 due to the low content of aromatic hydrophobic

residues, it could be thta the strength of the binding and the recognition capability need the formation

of a dimer in order to sense the curvvature.

In all these ALPS-like peptides, we can also consider that the positively and negatively charged

residues surrounding the patterns could be important to create a balance between the interactions with

the membrane and the solvent, and at the same time they would limit the charged interactions with

the membrane to maintain the binding to flat membranes at the minimal level as suggested by Drin, et

al.
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9.6 Delimiting ALPS sensor

The precise size of ALPS is not well defined (it can cover from 25 to 36 residues). The secondary

structure analysis and the coil formation at the N and C terminal ends suggest that ALPS could cover

from Ala8 to Ala30. Nevertheless, the identification of the Bulky-small&polar-Bulky ALPS pattern will

be useful to delimit ALPS and ALPS-like motifs boundaries with more precision. If we explain ALPS

limits on the bases of the BssB hypothesis (Fig. 9.1 and Table 9.1): in the N-terminal segment we found

a long hydrophobic Met9 and an interfacial orientation-bulky branched Leu12 that always adopt the

most hydrophobic orientation, that is, away from the intrapeptide interactions; these two residues flank

two serines. Further in the sequence, two other serines are flanked by two bulky aromatic residues,

the aromatic big polar residue Tyr13 and the aromatic Trp16. Both display interfacial orientations

that make them establish stacking interactions and hydrophobic and polar interactions with the lipids.

Finally, between Trp16 and Phe19, which orientations are mostly hydrophobic, we found two flanking

serines. Phe19 can also establish stacking interactions with the Trp, and both residues perform knob-

into-holes arrangements with the lipid acylchains. This shows the importance of steric and hydrophobic

effects in the organization of the hydrophobic residues as an important feature of the ALPS motifs. In

this context, the neighboring serines and threonines seem to provide the perfect hydrophilic and steric

balance needed to maintain the contacts with the polar heads, while the multiple conformations of the

bulky residues explore the interface in the three-dimensions. In other areas of ALPS, away from the

pattern, the conformational freedom is lost. For instance, the N-terminal Phe4 has limited preferential

orientations because Leu5 imposes a steric resistance. This Leu5 is involved with Met9 in a Bulky-

small&polar-Bulky pattern that includes an Asn and an Ala (LnsaM). It is possible that in motifs like

this one, the presence of a “s” residue bigger than Ser/Thr impose the necessity of an extra “s” residue,

as would be the case of Ala, in order to avoid clashes between the bulky hydrophobic residues. This

possibility is also observed in the BsssB patterns in other ALPS-like motifs. On the other hand, in the

C-terminal segment, Phe26 has a broad range of orientations because it does not have a big surrounding

hydrophobic residue with the same partitioning that limits its movements. It is also important to notice

that in this region, the BssB pattern is not well defined, and it contains a lysine in what would be a

large Bulky-small&polar-Bulky motif (FttgasaKF). Indeed, the presence of this lysine (Lys25) allows

different kind of steric and planar interactions between Lys25 hydrophobic sidechain and the benzene

ring of Phe26, which influences Phe26 orientations.

Based on our results we suggest that the curvature sensor motif in ALPS comprises from Met9 to

Thr20 (residues 200 to 215 in ArfGAP1 protein sequence) (Table 9.1) where the structural 310helix/turn

transitions take place. The other remaining residues (Leu5 to Ala8 and Thr21 to Ala30) would play

animportant role in the correct partitioning of the peptide in the bilayer interface (see Fig.9.1) and a

contribution to deformability.
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Figure 9.2: Polar face mutant of ALPS with the reference of the disrupted BssB patterns in their
sequences (Modified from (Drin et al., 2007)).

9.7 Understanding other ALPS mutants in the BssB context

In chapter 4 section 4.3.3 I described the experiments that indicated that ALPS binding is independent

of the charged electrostatic interactions. I also pointed out that these mutations were difficult to

interpret. I would therefore like to discuss in this section Drin et al results on the bases of the BssB

hypothesis in order to complement this hypothesis and propose further experiments.

Drin et al tested four mutants where Ser/Thr residues were replaced by charged residues (mostly

Lys). These mutants are explained in the section just referred and are illustrated in Fig.4.6. For clarity

purposes, I will refer from now on to the mutants using the numbers illustrated in the ALPS model

(Fig.9.2 ):

1. Mutant 2Ki (S11K and T20K)

2. Mutant 4Ki (S11K, Y13K, S18K and T20K)

3. Mutant 2Kt (S10K and T21K)

4. Mutant 4Ki/4Et (S11K, Y13K, S18K, T20K plus S10E, T21E, S14E and S17E)

For the four mutants, it is not just the electrostatic nature of the residues that has been changed,

but also other important properties that are in agreement with the BssB hypothesis. For instance, the

change to a bulky Lys, whose steric effect is substantially bigger than those from Ser/Thr. Moreover,

the propensity to form helices would also be affected by this change since lysines are less prone to

form helices in hydrophobic environments than Ser/Thr, and more prone to do it in aqueous solution.
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Additionally, the interfacial partitioning of lysine residues is more favorable than Ser/Thr partitioning,

and the structural modulator role of Ser/Thr would also be affected. All these factors are being changed

in the four mutants. However, in the light of the BssB hypothesis some interpretations could be put

forward in order to address several new questions. The experiments of incubation of these mutant with

liposomes of different sizes, showed that ALPS-2Ki mutant is no longer able to discriminate between

high or low curvatures (Drin et al., 2007) (Fig.9.2). This mutant has a changed (with respect of ALPS)

MskLYsgWssFkt pattern that affects the stabilizing interaction that Thr20 established with Trp16 and

Tyr13 in ALPS. Four aspects could be acting here:

1. the favorable partitioning of the lysine in the interface increase the binding, which might be helped

by

2. charged electrostatic interactions;

3. The structural modulator Thr20 is lost, as well as Ser11, which might play a similar role as Thr20

by establishing a stabilizing interaction between Tyr13 in ALPS MssL pattern;

In Drin’s work, detailed in section 4.3.3, ALPS-2Kt shows only a small difference with respect to ALPS

activity, although we observe a slight increase in the binding to big and small liposomes. Interestingly,

in ALPS-2Kt the pattern has been changed to MksLYsgWssFtk This would mean that Thr21 is not

as important as Thr20 to ALPS curvature recognition. Furthermore, in this mutant there is not loss

in the helicity content (see Fig.9.2). In the case of mutant 2Kt the 310helix/turn transitions are still

possible stabilized by Thr20, whereas in the mutant 2Ki, they do not.

More importantly, the mutant 4Ki, where most of the polar residues in the middle segment are

mutated, has a MskLksgWskFkt pattern with lower helicity content than ALPSwt (Fig.9.2). This

mutant has attenuated binding to small liposomes and an increase in the binding to big ones (Drin

et al., 2007). Now again there are many aspects to take in consideration to explain this behavior: The

increase of binding to big liposomes can be attributed to the lysines in Ser11 and Thr20 positions as

in the case of the mutant 2Ki. However, the reduction of binding to small liposomes can be attributed

to the mutation in Tyr13 and Ser18. This confirms the importance of the intrapeptide interactions

we described involving Tyr13 as well as Tyr13 interaction with both the lipid headgroups and the acyl

chains. Lysine, as we mentioned before, establishes hydrophobic interactions with its long aliphatic

chain and charged interactions with its polar group. Lysines could therefore do as many interactions as

Tyr13. Furthermore, if the bulky lysines are placed between the bulky hydrophobic residues, the steric

hindrance prevents the conformational freedom of the bulky hydrophobic residues and the possibility

of interactions between them. Indeed, this is likely what happens when lysines are introduced at the

expense of S11, S18 and T20, which we showed produce key intrapeptide interactions in ALPS middle

segment structure.

Many questions remain without clear answer, due, in part, to the structural low resolution of many

of the experiments performed with ALPS mutants . However, our explanations of these mutants based

on the BssB pattern hypothesis allowed us to provide some interesting conclusions and guidance for

further design of experiments and analysis. First, Thr20 and the presence of aromatic-polar residues
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such as Tyr13, are essential to for the curvature recognition. Secondly, the explanation exposed in

the last paragraphs complement our view of sequence-specific deformability and structural flexibility to

recognize the lipid-packing defaults:

1. 2Ki has lost lost helicity and the ability to stabilize deformable conformations in the absence of

Thr20. It does not longer discriminate between high and low curvatures.

2. 2Kt remains helicoidal but maybe with the possibility of 310helix/turn transitions and it has

become less specific to high curvatures.

3. 4Ki has lost its helical content and liberty to deform.

These experimental data, in the light of our results, show that effectively there is a sequence-specific

deformability and structural flexibility that contributes to the recognition of the lipid-packing. They also

sustain the possibility that the lysine-rich C-terminal region of ALPS, only contributes to the binding of

the motif to the membrane, but without being part of the lipid-packing motif itself, which incidentally

supports our proposal regarding the new ALPS borders. Overall this examination showed that the

partitioning, the sgtructural propensities and the steric hyndrance are aspects that must be taken in

account when designing mutants for the study of interfacial peptides.

Considering Hatzikis model for membrane curvature recognition, where every highly curved mem-

brane would be able to recruit amphhipathic molecules, the experiments discussed above seems to

provide more elements for this hypothesis. However, the case of mutant 2Ki that loose the possibility

of stabilize the 310helix/turn transitions, concomintantly loosing the specificity for small liposomes,

suggest that this structure could be relevant.

9.8 Conclusions

Here we propose that the flexibility and deformability of ALPS are essential for the efficient recognition

of the lipid packing defects at the level of the acyl chains and polar heads. Curvature sensors like

ALPS may display interactions with both the polar heads and the hydrophobic core that allow them to

efficiently explore the interface surroundings. A perfect α-helix would result in an obstacle to explore

the interface, but a deformable helical arrangement seems to be the most adapted solution to this

problem. In this context, and since the membrane interface is a very crowded environment, the Bulky-

small&polar-Bulky pattern suggests that ALPS explores the interface and senses lipid packing defects

usingbulky residues that can be flexible enough thanks to the neighboring small and neutral residues.

The bulky residues can either explore the hydrophobic core-glycerol region (Leu,Val, Ile, Met, Phe)

or the headgroup-glycerol interface (Tyr, Trp). Moreover, the small neutral residues as glycines help

the adoption of favorable conformations, while the small polar residues between the bulky ones can be

useful for establishing H-bonds interactions with the lipids oxygens, at the same time that contribute

to modulate the different peptide conformations.

We also suggest that ALPS can induce adaptative dynamic responses to the membrane that leads

to bilayer-coupling effect and a reciprocal orchestrated adaptation process. We have shown how the
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absence of lipid-packing defaults avoids ALPS deformability and structural flexibility, affecting in conse-

quence important intra-peptide and lipid-peptide interactions. Our results highlight that deformability

and structural flexibility of ALPS are correlated with the presence of lipid-packing defaults in the mem-

brane. In consequence, the deformability is space-dependent from to perspectives : the available space

in the bilayer interface for deformation, and the space available in the sequence vicinity to allow con-

formational liberty of ALPS side chains. Therefore, this plasticity of ALPS must be of great relevance

for its curvature sensitivity. The partitioning of ALPS at the interfacial phosphate/glycerol level sug-

gests an adaptive interplay between the peptide-sequence geometrical and space restrictions, the lipids

conformations and the physical forces that shape the membranes.

We can imagine that in curved membranes the lipid dynamics contribute to in the formation of

“dynamic” lipid-packing defaults. Thus, we can expect that the particularities of ALPS, with respect

to other interfacial amphipathic helices, reside on its ability to be sufficiently deformable and struc-

turally flexible to establish specific intra-peptide and lipid-peptide interactions that allow it to span

all the dimensions of the interface to optimally recognize these “dynamic” inhomogeneities.Hatzakis

et al. (2009) proposed that the curved membranes in generale, are responsable of the recruitment of

different “adaptors” to their lipid-packing defaults. The fact that ALPS exhibit a particular amino acid

composition, - that contrast with must of the interfacila amphipathic helix (that have charged residues

on their polar face, for instance) - and as we shown peculiar structural behavior, suggest that there also

exist molecules with special sensor capabilites, that sustantialy depend on the membrane that recrut

them in a synchronic way. In this scenario, it is possible that not all the curved membranes would have

the same “dynamic” lipid-packing defaults and that not all the interfacial amphipathic helices would be

able to recognize all the curved membranes.

9.8.1 Completing ALPS curvature sensing model

We can imagine that the unfolded state of ALPS1 in the aqueous environment when approaches to

the curved membrane surface thanks to hydrophobic forces, principally the aromatic residues. It start

to be absorved by the membrane interface thanks to the formation of the 310helix/turn which are

intermediates of a-helices folding. This structure allow the exploration and interaction at differents

levels of the interface in the Z-dimension (acyl-chains, glycerol and phosphate). We suggest this is

actually the driven force for the lipid-packing recognition. The 310helix get anchor to these defects

while the rest of the sequence folds in an helical arrangement capable to dispose the hydrophobic in

their favorable possition with respect to the acyl chains and with the serine/threonine residues disposed

to stablish hydrogen bondings. Simultaneously these interactions would contribute to maintain the

interaction the time needed, alleviating the stress created by the high curvature, and then favorizing

the binding of ALPS2.
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9.9 Perspectives

The study of the structural and dynamic roles of some ALPS sequence that we have highlighted in this

work should guide further experiments as well as new molecular simulations. Form the perspective of the

peptide it would be very interesting to introduce some mutations that allow distinguishing the charge

effect, without perturbing the size of the amino-acids. Additionally it would be appealing to introduce

small charged residues (such as aspartate) at expenses of threonines (both residues have similar sizes) or

to replace serines for glutamines or asparangines (big, polar and not charged residues). These changes

will give additional information about the precise role that the residue size has in ALPS function.

With the same philosophy, replacement of aromatics amino acids by other kind of bulky hydrophobic

residues will allow to understand the large possibilities of ALPS-like motifs to anchor the membrane.

Our next step will be to simulate ALPS on curved membranes to corroborate our hypothesis on lipid-

packing-recognition-dependence on conformational deformability and side chains flexibility. Moreover,

these simulations will allow to corroborate the hypothesis of lipid-packing defaults dependence on the

lipid dynamics and complete the interpretation of the creation of spaces in curved membranes for the

recruitment of curvature sensors of different natures. On the other hand, it will be also very appealing

to simulate more complicated mixtures of lipids. The success of these further researches will depend

entirely on the tight collaboration between the experimentalist and the theoricians. For instance, it

would be extreamly interesting to perform NMR experiments to corroborate the importance of the

310helix/turn transitions as a function of the curvature.

Finally, I consider of importance to recall that additionally to the ALPS-like sensors motifs analyzed

by Drin et al, many others ALPS-like sequences were identified. It is highly possible that many of them

are also curvature sensors. It would be suitable that the rich list of potential ALPS motifs is examined

in detail using the structural information we provide here to discriminate the more probable candidates.

Only using functional information it will be possible to corroborate these predictions. We have already

started to look for the BssB pattern in those ALPS-like sequences, applying the criteria we used here

to characterize ALPS sensor motif structural properties.

It would be also interesting to screen other organisms sequences databases, since in archea and

gram (+) and gram (-) bacteria there also exist the formation of vesicles and some interesting curved

forms are display. Maybe it would be possible to find ALPS motifs on that kind of organisms.
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Nomenclature

AC Acyl Chains

AH Amphipathic alpha-Helix

ALPS Amphipatic Lipid Packing Sensor

AMP Antimicrobial Peptides

BAR Bin/amphiphysin/Rvs

COPI and II Coat protein complex I and II

DAG diacylglycerol

DMPC Dimyristoylphosphatidylcholine

DOG dioleoylglycerol

DOPC Dioleoylphosphatidilcholine

ER Endoplamic Reticulum

GAP GTPase activating proteins

GUV Giant Unilamellar Vesicles

HC Hydrophobic Core

HG Headgroup

IMM Inner Mitochondrial Membranes

LH1-LH2 Light Harvesting Complexes I and II

LUCA Last Universal Common Ancestor

LWF-A ALPS L207A-W211A-F214A triple mutant

MD Molecular Dynamics
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NMR Nuclear Magnetic Resonance

NPT A simulation where the number of particles, the pressure and the temperature are constant

ORFs Open Reading Frames

PA Phosphatidic Acid

PC Phosphatidylcholine

PDB Protein Database

PE Phosphatidylethanolamine

PI Phosphatidylinositol

POPC Dipalmitoylphosphatidilcholine

PP Packing Parameter

PS Phosphatidylserine

TFE Trifluoroethanol

TM Transmembrane


