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1.11 The cell membrane 

Cellss are the building blocks of every living organism, and the smallest units of life 
capablee of independently sustaining and reproducing themselves. Every cell is a 
biochemicall  reaction center, where energy and matter are produced and converted, 
andd where the genetic information is stored. A common structure found in all cells 
andd their inner organelles is the membrane. Biological membranes act as semi-
permeablee barriers, allowing a selected passage of small molecules and ions. Biomem-
braness are constituted of a lipid matrix in which molecules, such as proteins or choles-
terol,, are embedded or attached. The lipid matrix is formed by the non-covalent 
self-assemblyy of two lipid monolayers made of a variety of lipid types. Lipids are am-
phiphilicc molecules, i.e. molecules constituted of an hydrophilic polar headgroup, 
whichh is water soluble, and hydrophobic tails, which are water insoluble. 

Thee combination of hydrophobic and hydrophilic groups in the same molecule 
iss a key factor for the assembly of lipids into supra-molecular aggregates, such as 
micelless or vesicles, the latter being the templates for the cell membranes. Due to 
thee hydrophobic effect [1,2], membrane lipids assemble in such a way that their hy-
drophobicc part is excluded from a direct contact with the water environment, while 
thee hydrophilic or polar parts are in direct contact with the water. The resulting 
pseudoo two-dimensional system (depicted in figure 1.1) is a fluid structure where 
thee lipids can diffuse in the membrane plane, can flip-flop from one monolayer to 
another,, or may even move out of the system. 

aqueouss environment 

Figuree 1.1: Schematic representation of a lipid bilayer. 

Biologicall  membranes are not inert walls, but complex, organized, dynamic, and 
highlyy cooperative structures, whose physical properties are important regulators of 
vitall  biological functions ranging from cytosis and nerve processes, to transport of 
energyy and matter [3], 
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1.22 Study of lipid bilayers with computer simulations 

Too relate the structure and dynamics of biomembranes to their biological function— 
thee ultimate goal of biomembrane science—it is often necessary to consider simpler 
systems.. Lipid bilayers composed of one or two lipid species, and with embedded 
proteinss or natural or artificial peptides, are often used as model systems. Computer 
simulationss can be used as an approach complementary to experiments for the study 
off  such simplified, soft-condensed matter, systems. 

Becausee of the many degrees of freedom involved, the processes that take place 
evenn in model biomembranes occur over a wide range of time and length scales 
[4].. The typical time and length scales of the processes under investigation do pose 
limitationss on the level of chemical and molecular details chosen to represent the 
model.. Often, this necessity follows the fact that some theoretical methods are lim-
itedd in their applicability by the long computational time needed to calculate statis-
ticall  quantities. To model membranes, it is thus necessary to decide a priori the level 
off  description of the system, i.e. to neglect those details which are not important to 
thee process one wants to study. 

Molecularr Dynamics (MD) simulation methods on atomistic detailed models have 
beenn used to study the structural and dynamic properties of membranes [5], the self-
assemblyy of phospholipids into bilayers [6], as well as the interaction of membrane 
proteinss or other molecules with the lipid bilayer [7-12]. MD simulations can provide 
detailedd information about the phenomena that occur in biomembrane systems at 
thee nanoscopic level and on a nanosecond time-scale. However, many membrane 
processess happen at the mesoscopic length and time scale, i.e. > 1-1000 nm, ns, re-
spectively,, and involve the collective nature of the system. This is the case for phase 
separation,, the gel-fluid phase transition, the formation of domains, or the transition 
fromm a bilayer to a non-bilayer phase. Even though the speed of numerical compu-
tationn is increasing very rapidly, it wil l be some time before it wil l be possible, by 
MDD on realistic all-atom models, to predict the cooperative behavior of biosystems 
att mesoscopic time and length scales. 

Ann alternative modeling approach consists in neglecting most of the molecular 
detailss of the system. The resulting lattice [13, 14], intcrfacial [15], or phenomeno-
logicall  models [16-18], are computationally very efficient, and can give insight into 
thee physical properties of reconstituted membranes [19,20]. However, using these 
modelss it is difficult to study the structural and conformational properties of the sys-
temm that derive from some molecular details. To overcome this difficulty, we have 
developedd a model for lipid systems which can be seen as an intermediate between 
thee all-atom models and the models briefly just mentioned. This mesoscopic model 
considerss a system of'particles', or 'beads', in which each particle represents a com-
plexx molecular component of the system whose details are not important to the pro-
cesss under investigation. These types of models, which use simplified interactions 
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betweenn the beads, are called coarse-grain (CG) models. With the coarse-grain ap-
proachh one can explore longer time and length scales than it is possible by the more 
traditionall  atomistic approach. Also, compared to thermodynamic or lattice models 
forr lipid bilayers, CG models retain a number of structural details of the molecular 
componentss of the system. In the recent years, CG models have been developed to 
studyy biomembrane-like systems at the mesoscopic level, and both MD and Monte 
Carloo (MC) simulation methods were used on such models [21-25]. 

However,, despite the advantages which arise by minimal modeling in connec-
tionn with simulation methods like MD and MC, the possibility to study processes 
thatt involve the collective behavior of the system is still limited. To try to overcome 
thiss limitation, we have used a faster simulation technique, Dissipative Particle Dy-
namicss (DPD) [26-28], on CG models. This approach can be seen as a middle way 
betweenn the approach based on pseudo three-dimensional models—such as lattice 
andd interfacial models—and the MD on all-atom model approach. 

1.33 This thesis 

Thee scope of the work presented in this thesis is to develop a CG model for bilayer 
lipidss and molecules interacting with lipid bilayers, and to study the cooperative be-
haviorr of these systems. The model is studied by the DPD simulation technique. We 
startt by investigating the structural and thermodynamic properties of the pure lipid 
systems.. We validate the model by comparing the results for model-lipids with those 
off  reconstituted lipid-bilayer systems, which are studied experimentally. Once we 
havee established that the CG model that we have developed is a reliable one to repro-
ducee some key features of a pure lipid bilayer, we proceed by extending the model to 
thee study of bilayers interacting with small solute molecules (which can be consid-
eredd as a model for anesthetics), and proteins. This thesis is structured as follows. 

Inn Chapter 2 we describe the mesoscopic model for lipid bilayers. According to 
thiss approach, the lipid molecules are coarse-grained with sets of beads, each of 
whichh represents a portion of the molecule. The interactions between the beads are 
simplifiedd respect to atomistic MD representations, but the molecular nature of the 
lipidd is retained. As an example, in figure 1.2 the chemical structure of the phospho-
lipidd dimyristoylphosphatidylcholine (DMPC) and its CG representation are shown. 
Inn Chapter 2 we also describe the DPD simulation technique and its application 
too the CG model. It will be shown that CG lipids spontaneously self-assemble into 
supramolecularr aggregates, like micelles and bilayers. 

Inn Chapter 3 we address the debated issue of which is the correct value of the 
surfacee tension of simulated lipid bilayers in order to reproduce the structural char-
acteristicss of self-assembled, unconstrained membranes, which are known to be in a 
tensionlesss state. To this purpose, we introduce a fast and efficient simulation tech-
nique,, based on the Monte Carlo method, which allows to impose on the bilayer a 
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Figuree 1.2: The atomistic representation of DMPC and its corresponding coarse-grained 
model. . 

chosenn value of the surface tension, of which the zero value is a particular case. 
Inn Chapter 4 the structural properties of the model bilayer, like the bilayer thick-

nesss or the area per lipid, are studied in relation to the characteristics of the model 
lipids.. We address the important question of how much chemical detail should—and 
can—bee included in CG models of bilayer lipids. To this purpose, we compare single-
taill  and double-tail model lipids, the latter more closely resembling a real phospho-
lipid,, as illustrated in figure 1.2. We show that, depending on the lipid architecture, 
likee stiffness, acyl-chain length, and size of the headgroup, and on the choice of inter-
actionn parameters, the model bilayers have different structural characteristics, which 
wee compare with the ones of real phospholipid bilayers. 

Inn Chapter 5 we determine the phase diagram of CG lipid bilayers, of both single-
andd double-tail lipids. By performing simulations in the constant surface tension 
ensemble,, we are able to study structural rearrangements of the bilayer in which the 
areaa per lipid changes, and thus directly observe phase transitions. We show that CG 
single-taill  lipids can spontaneously form interdigitated bilayers. In an interdigitated 
bilayerr the two monolayers are not separated, instead the terminal tail groups of the 
lipidss in one monolayer extend further into the bilayer, and face the headgroups of 
thee lipids in the opposing monolayer. Conversely, double-tail lipids, with the appro-
priatee degree of stiffness in the tails, do not spontaneously interdigitate, while they 
correctlyy reproduce the gel and fluid phases of lipid bilayers. 

Inn Chapter 6 we address the important, and not yet fully understood, problem of 
thee mechanism of action of anesthetics. Whether general anesthetics directly bind 
too membrane proteins, or act indirectly through changes in the packing properties of 
thee lipid bilayers, is still a matter of debate. An attractive hypothesis was recently pro-
posedd by Robert Cantor [29,30], who described a possible non-specific mechanism 
too explain the action of anesthetic molecules. Cantor postulated that the activity of 
anestheticss is lipid-mediated; conformational changes in transmembrane proteins 
whosee functionality is related to depth dependent changes in their cross sectional 
areaa might be related to shifts of the lateral pressure profile across the bilayer in-
ducedd by anesthetic molecules. Experimental measurements of pressure profiles in 
lipidd bilayers are not yet available; on the other hand, pressure profiles can be di-
rectlyy computed in molecular simulations. By means of simulations, we investigate 
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whetherr the preferred absorption sites of small molecules follow the distribution of 
pressuree across the bilayer, and if—and to which extent—these molecules in turn 
modifyy the pressure distribution. 

Finally,, in Chapter 7 of this thesis we extend the mesoscopic model to the case 
off  lipid bilayers with embedded proteins spanning both monolayers of the bilayer. 
Wee assume that the matching between the hydrophobic length of a membrane pro-
teinn and the hydrophobic thickness of the lipid bilayer plays an important role in the 
lipid-proteinn interaction. If the hydrophobic section of a transmembrane protein 
doess not match the lipid bilayer thickness, then a mismatch occurs; the energetic 
costt of exposing the hydrophobic section of either the protein or the lipids to the wa-
terr environment is so high that compensating mechanisms take place. Among these, 
thee lipid bilayer thickness can locally increase (or decrease) around the transmem-
branee protein, or the protein can tilt [20]. In Chapter 7 we show the results of a sys-
tematicc study of the lipid-protein model. The aim of the study is to understand under 
whichh conditions—via the cooperative behavior of the system, and due to hydropho-
bicc mismatch—the protein may perturb the surrounding lipid bilayer (as illustrated 
inn figure 1.3), and, in turn, the lipid bilayer may affect the orientation of the protein 
withh respect to the bilayer normal. 

Figuree 1.3: Model bilayer with embedded a protein. 


