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Summary Summary 

Biologicall  membranes, as they are found in all living cells, are complex systems. 
Theyy contain many different molecules and display dynamic and structural prop-
ertiess which span many orders of magnitude, both in length and time scales. The 
characterizationn of the structure of lipid bilayers, their thermodynamic and dynamic 
behavior,, the dependence of these properties on the membrane composition, as well 
ass the interaction of the lipid bilayer with other molecules, are key questions in the 
understandingg of how a membrane works and how specific functions are carried out. 
Differentt approaches can be adopted to address these questions. Disciplines like bi-
ology,, biochemistry, physics, have applied different, and complementary, tools to the 
studyy of these complex systems. Computer simulations are a relatively new tool that 
hass proved useful in the study of condensed matter systems. From the point of view 
off  a physicist, a membrane is a soft-matter, quasi two-dimensional, aggregate. Due to 
thee non covalent interactions between the lipids forming the bilayer matrix, a mem-
branee is fluid. Lipids and other molecules can diffuse in the bilayer plane, or flip-flo p 
fromm one monolayer to the other, small ions or molecules can cross it, and proteins 
cann be incorporated. But a membrane is not a fluid in the sense that it constitutes a 
barrier,, thought semi-permeable, which cannot be crossed by large molecules, and 
whichh has the properties of an elastic sheet, it can bend, it has a specific rigidity, it 
cann be compressed or stretched. Furthermore, because the lipids of which it is con-
stitutedd are oriented, a membrane has an internal structure. The lipid hydrophilic 
headgroupss stick into the aqueous environment, and the lipid hydrophobic tails ex-
tendd in the bilayer core. 

ComputerComputer simulations as a tooi to study lipid bilayers 

Thee subject of this thesis is the study of lipid bilayers with computer simulations, us-
ingg a mesoscopic approach. This mesoscopic approach consists in coarse-graining 
thee molecules that form the membrane, i.e. the lipids. Instead of considering an 
atomisticc representations of the lipids, groups of atoms are lumped together to form 
beads,, which are connected by springs to build the lipid molecules. These beads in-
teractt via simplified forces, which are described in Chapter 2. In this Chapter we have 
alsoo introduced the Dissipative Particle Dynamics technique which we use to simu-
latee the movement of these particles. A first, important result of this approach, is 
that,, despite the purely repulsive nature of the interactions between particles of dif-
ferentt type, we find that the model lipids can phase separate and form bilayers, and 
thatt the formation of the bilayer depends on a single parameter, i.e. on the relative 
strengthh of the repulsion between hydrophilic and hydrophobic beads. 

Itt is known experimentally, and by thermodynamic considerations, that uncon-
strained,, self-assembled, lipid bilayers are in a tensionless state. To mimic such a 
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state,, we introduce in Chapter 3 a fast and efficient simulation technique, based on 
thee Monte Carlo method, to impose on the bilayer a chosen value of the surface ten-
sion,, of which the zero value is a particular case. Bv means of this simulation method 
wee are able to study the area compressibility of the bilayer, and investigate finite-size 
effectss as function of the applied surface tension. We found that for tensionless or 
stretchedd bilayers the finite-size effects are very small. 

PhasePhase behavior of lipid bilayers 

InIn Chapter 4 we optimize the model by studying the characteristics of the lipid archi-
tecturee that are required to correctly reproduce the structural and thermodynamic 
propertiess of lipid bilayers. We find that chain stiffness is an important parameter in 
reproducingg the correct density distribution and area dependence on chain length. 
Wee find that for single-tail lipids the value of the interaction parameter between the 
headgroupss is a key factor in determining the internal structure of a bilayer. Due 
too the small hydrophobic section of this lipid model, a large repulsion between the 
headgroupss results in an interdigitated bilayer; interdigitation disappears when the 
repulsionn parameter is decreased. 

Interdigitatedd phases are observed experimentally for phospholipids in the gel 
phase.. They do not occur spontaneously, but have to be induced. We propose that 
thee general mechanism that is responsible for inducing interdigitation in a bilayer is 
aa decrease in the interfacial density of the lipid headgroups. We investigate this hy-
pothesiss in Chapter 5 where we study the phase diagram of single-tail lipids. We find 
aa fluid and a gel phase for these lipids, and in the gel phase we find a transition from 
thee interdigitated to the non-interdigitated state which is induced by a decrease in 
thee headgroup repulsion. This suggests that it is possible to induce an interdigitated 
phasee in bilayers of single-tail lipids by adding chaotropic salts, which are adsorbed 
att the bilayer interfacial region and increase the amount of interfacial water. 

Nextt we study the phase diagram of double-tail lipids, and in particular of a lipid 
withh five hydrophobic beads in each tail and three hydrophilic head-beads, which 
cann be seen as a coarse-grained representation for the DM PC phospholipid. For 
thiss lipid model, we find the phases which are experimentally observed in phospho-
cholinee bilayers. These phases are the f ow temperature gel phase, or L,^, in which the 
lipi dd tails show a til t respect to the normal to the bilaver plane and have a low diffu-
sionn coefficient, and the high temperature fluid phase, or La, in which the lipid tails 
aree partially disordered, and the lipids can diffuse in the bilayer plane. Between these 
twoo phases we find a narrow region of temperature in which a striated phase is ob-
served,, which resembles the ripple, or P,, , phase of the phosphatidylcholine bilay-
ers.. By mapping the reduced phase transition temperatures of the simulated system 
ontoo the experimental main ( P,v * La) and pre-transition (L^ - P(; <) temperatures 
forr DMPC bilayers, we are able to quantitatively compare bilayer properties like the 
areaa per lipid or the bilayer thickness with their experimental values. The very good 
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agreementt we find gives us confidence in the ability of our coarse-grained approach 
too model real phospholipids systems. 

LateralLateral pressure in lipid bilayers 

Whilee the surface tension of a lipid bilayer, or monolayer, can be measured experi-
mentally,, there are no experimental techniques to measure the local distribution of 
pressure.. Simulations can then be an helpful tool to characterize the shape of the 
pressuree profile in lipid bilayers. The study of the effect of local redistribution of 
laterall  pressure in bilayers induced by site dependent changes in the lipid topology 
cann help to answer some important questions. Can shifts in the lateral pressure be 
inducedd by changes in the lipid structure, like different level of unsaturation in the 
chain?? How do these changes depend on the position and nature of the modification 
inn the lipid topology? A related and interesting question is the possible correlation 
betweenn the local distribution of the pressure profile and the partitioning of small 
moleculess in the bilayer: where do small solutes preferentially adsorb in a lipid bi-
layer?? And, is the partitioning of solutes correlated to the distribution of pressure 
withinn the bilayer? To address these questions, in Chapter 4 we describe the shape 
off  the lateral pressure distribution in lipid bilayers for different lipid topologies. We 
showw that the pressure distribution is tightly correlated with the density distribution, 
i.e.i.e. with the localization of the lipid segments within the bilayer, while it is less sen-
sitivee to the functional form and parameterization of the interaction potentials. To 
supportt the latter observation, we compare the pressure profile in a bilayer of coarse-
grainedd double-tail lipids with the pressure profile computed in atomistic molecular 
dynamicss simulations of a DPPC bilayer. We show that the shapes of the pressure 
profiless calculated with the two different approaches have remarkable similarities. 

InIn Chapter 6 we investigate the interaction of small solutes, which can model 
anesthetics,, with the lipid bilayers. We show that the partitioning of small solutes 
moleculess in a bilayer is mainly driven by chemical affinity, i.e. by the degree of hy-
drophobicityy of the solutes. But also another effect is found; these molecules locate 
preferentiallyy in the region of the bilayer where the pressure profile has local min-
ima.. These observations can help to predict the partitioning of molecules like anes-
theticss in the bilayer. Furthermore, we show that, if the molecules are located in 
thee headgroups region of the bilayer, they significantly decrease the local pressure in 
thiss region. Since anesthetics are also incorporated in the bilayer interfacial region, 
wee postulate that these molecules could regulate the activity of membrane proteins 
troughh changes is the pressure distribution. 

TheThe hydrophobic mismatch 

Inn Chapter 7 we extend the coarse-grained model, and apply it to the study of lipid 
bilayerss with embedded proteins, at low protein-to-lipid ratios. In particular we in-
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vestigatee hydrophobic mismatch. The matching between the lipid bilaver hydropho-
bicc thickness and the hydrophobic length of integral membrane proteins has been 
proposedd as a generic physical principle on which the lipid-protein interaction in 
biomembraness is based. The energy cost of exposing polar moieties, from either hy-
drocarbonn chains or protein residues, is so high that the hydrophobic part of the lipid 
bilaverr should match the hydrophobic domain of membrane proteins. The results 
fromm a number of investigations have indeed pointed out the relevance of the hy-
drophobicc matching in relation to the lipid-protein interactions, hence to membrane 
organizationn and biological function. To address these issues, we study bilayers with 
embeddedd a single protein, which can vary in size and in hydrophobic length. 

Wee compute the coherence length for the protein-induced spatial fluctuations, 
andd quantify it in terms of a decay length of the lipid bilayer hydrophobic thickness 
profilee around the protein. This quantity is not accessible to experimental measure-
ments,, but can be important in determining the range of the protein-induced pertur-
bation,, and can be relevant in predicting lipid-mediated protein-protein interaction 
andd aggregation. We find that the protein-induced lipid perturbation depends on the 
mismatchh and on the temperature of the system, and that a protein-size dependence 
appearss for values of temperatures approaching from above the transition tempera-
turee of the pure lipid bilayer, i.e. in the fluid phase of the system. 

Ann interesting and unexpected result of this study, is that we find that for large 
mismatchh conditions, either positive or negative, and for large proteins, the decay of 
thee protein-induced perturbation on the bilayer thickness is not of the exponential 
type,, as previously predicted by lattice models. We find, instead, a non-monotonous 
decay.. In the region next to the one closest to the protein hydrophobic surface and 
wheree hydrophobic matching occurs, the bilayer hydrophobic thickness is lower (un-
dershooting)) or higher (overshooting) than the unperturbed equilibrium thickness, 
dependingg on the sign of the mismatch. These localized changes in bilayer hydropho-
bicc thickness can be of biological relevance for phenomena like cell adhesions, fu-
sion,, membrane rupture, or membrane permeability. 

Wee also consider the effect of the bilayer on the proteins, and we investigate the 
mismatchh conditions under which membrane proteins may assume a tilted confor-
mationn with respect to the lipid bilayer normal. We find a size dependence of the 
tilt ;; large proteins, due to energetic and topological reasons, do not undergo relevant 
tilt ,, even for large (positive) mismatch, while smaller proteins undergo a til t with an 
anglee that increases with increasing mismatch. 

Att temperatures below the main transition temperature, but above the pre-tran-
sitionn temperature of the pure system, i.e. in the ripple or striated phase, our re-
sultss show that the embedded model-protein prefers to segregate along those stripes 
wheree the hydrophobic bilayer thickness matches the protein hydrophobic length. 


