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1.11 The cel l membran e 

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 Stud y of lipi d bilayer s wit h compute r simulation s 

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 thesi s 

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 



6 6 Introduction n 

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. 
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Inn this Chapter we describe the Dissipative Particle Dynamics (DPD) simulation 
techniquee that we have applied to the study of biological membranes. In addition, 
wee introduce the mesoscopic model that we use to represent coarse-grained (CG) 
lipi dd molecules. In this CG model that we propose, the lipids are represented by soft 
spheress interacting by purely repulsive forces, and are constructed by connecting 
beadss via harmonic springs. We also demonstrate that DPD in combination with 
thesee mesoscopic models gives us a sufficiently large gain in CPU-time such that we 
cann form the bilayer by self-assembly. 

2.11 Dissipativ e Particl e Dynamic s 

Dissipativee Particle Dynamics was introduced by Hoogerbrugge and Koelman [26] as 
aa particle based method to simulate complex fluids with the correct hydrodynam-
icss on mesoscopic time and length scales. DPD describes the motion of particles, or 
beads,, which represent the center of mass of a fluid 'droplet', i.e. each DPD particle is 
aa momentum carrying group of molecules. All the degrees of freedom smaller than a 
beadd radius are assumed to have been integrated out, resulting in a coarse-grain rep-
resentationn of fluid elements and in the possibility to adopt soft interactions between 
thee beads. 

DPDD resembles Molecular Dynamics (MD) in that the particles move in contin-
uouss space and discrete time step, according to Newton's laws, but, due to the soft 
interactions,, larger time and length scales are accessible, compared to standard MD. 
Thiss allows for the study of physical behavior on time scales many orders of magni-
tudee greater than possible with MD. 

Inn addition to the soft-repulsive (conservative) interaction, DPD models include 
twoo other forces: a dissipative force that slows the particles down and removes en-
ergy,, which can be seen as a viscous resistance, and a stochastic force, which, on 
average,, adds energy to the system and accounts for the degrees of freedom which 
havee been removed by the coarse-graining process. These two forces act together 
ass a thermostat for the system. Each of the three DPD forces is pairwise additive, 
conservess momentum, and acts along the line joining two particles. 

Onee of the attractive features of DPD is the easy way in which complex fluids can 
bee constructed by introducing additional conservative interactions between the par-
ticles,, like harmonic potentials to connect particles to build a "bead-and-spring" rep-
resentationn of polymer chains. 

DPDD has been used to study phase separation and domain growth [31-33] of bi-
naryy immiscible fluids by assuming two types of particles which repel each other 
withh a strength larger than the repulsion between equal particles. The kinetics of 
microphasee separation of diblock copolymer has also been investigated with DPD 
|34,35]]  showing the critical role of hydrodynamic forces. Another successful applica-
tionn of DPD is the modeling of dilute polymer solutions [36,37] and the effect of sol-
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ventt quality on the static and rheological properties of polymer solutions has been 
investigatedd [38]. The DPD method applied to the study of polymer melts [39] found 
resultss consistent with the Rouse-Zimm model. Other applications of DPD are to 
simulationn of suspensions of colloidal particles [40-421, polymer mixtures [28,36,43], 
tetheredd polymers in shear flow [44], amphiphilic mesophases [45], and polymer-
surfactantt aggregation [46]. For an exhaustive review of the DPD technique and its 
applicationss we refer the reader to refs. [47) and [48]. 

TheThe simulation technique 

Thee total force acting on a DPD particle i is expressed as a summation over all the 
otherr particles, j , of three forces [26,28] of the pairwise-additive type: 

ftt = ^ ( F } j + F [ f + F R | . (2.1) 
ii  / i 

Thee first term in the above equation refers to a conservative force, the second to a 
dissipativee force and the third to a random force. 

Thee conservative force has two contributions, one describing non bonded inter-
actionss and the other describing the interactions used to tie the beads together in the 
buildingg of a polymer like molecule (see equation 2.13). Most DPD studies express 
thee former contribution as a soft repulsive force in the form 

F l ii = \ 0 ( r, >RC, [22) 

wheree the coefficient â  > 0 represents the maximum repulsion strength, r^ = i\ -i* j 
iss the distance between particles i and ) (riS = r^ ), and Rc is a cutoff radius which 
givess the range of the interactions. 

Thee dissipative and random forces are expressed as: 

F""  = - W i j H f i i - V i i i f u 

Fuu = (nvR[ru!Ciifi i (2.3) 

wheree v^ = vt - v; is the velocity difference between particles i and j , n. is a friction 
coefficientt and a is the noise amplitude. C\\ is a Gaussian (or uniform) distributed 
randomm number, independent for each pair of particles, with zero mean and unit 
variance.. The requirement L{-} = Cn enforces momentum conservation. 

Espanoll  and Warren [27] demonstrated that, in the limi t of infinitesimal time-
step,, the system satisfies detailed balance and achieves a well-defined equilibrium 
state,, the Gibbs Canonical NVT ensemble, with a well defined temperature, derived 
fromm a fluctuation dissipation theorem, if the weight functions and coefficients of the 
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dissipativee and the random force satisfy the relations: 

w I J |nn = u - V r (2.4) 

Thiss is because the time evolution of the distribution function of the system ffr,p, 11, 
whichh specifies the probability of finding the system at time t in a state where the 
particless have positions r='r, J and momenta p=Ipt \, is governed by the Fokker-Planck 
equation n 

—— = £ c f + £ D f , (2.5) 
dt t 

wheree CL and CD are the evolution operators. LL is the Liouvill e operator of the 
Hamiltoniann system interacting with conservative forces, and £n contains the dis-
sipativee and the noise terms, if only £L is present, the system is Hamiltonian with 
equilibriumm distribution, f(.q, the Gibbs distribution. In order to have the Gibbs dis-
tributionn also when the random and the dissipative forces are present, the corre-
spondingg evolution operator should satisfy Cl)ivli — 0. The relations 2.4 specify this 
condition.. The existence of a Hamiltonian implies that only the conservative part of 
thee force (or better, the potential Uc related to it: Fc = -VUc), determines the equi-
libriumm averages of the system observables. Furthermore, as shown by Willemsen et 
aiai in [49], it implies that DPD can be combined with Monte-Carlo (MC) methods. 
Wee wil l use this property in section 3.3 of Chapter 3, where we describe an hybrid 
DPD-MCC scheme to ensure that the simulations are performed at constant surface 
tension. . 

Alll  the forces assume the same functional dependence on the interparticle dis-
tancee rij , as the conservative force F^ does, if the weight function wK(r] has the fol-
lowingg functional form 

i vv r = < (2.b) 
\\ 0 I r > R,1 

andd ivD (r) follows from equation 2.4. 
Thee Newton's equations of motion are integrated using a modified version of the 

velocity-Verlett algorithm [28]: 

rif tt + At) = r j t i + AtVjft ) + - ( A t r f i ( t ) 

V i f t -A t ll  = Vi(t!^AAtfi(t ! (2.7) 

f i f t -A t ll  = fiTl t + Ati,v! t - At f 

v,, 11 - At i = vt it i ^ -A t 'filt i f fi( t + Atl' . 

Thiss integration algorithm becomes the original velocity-Verlet algorithm when the 
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forcee is independent of velocity and A = 0.5. Since in DPD the force depends on 
thee velocity, the iterative scheme of equation 2.7 is used, where v is a prediction for 
thee velocity. In practice A is an empirical parameter which takes into account the 
factt that the underlying equations of DPD are stochastic differential equations [28]. 
Followingg Groot and Warren in [28] we choose the values A = 0.65 and cr = 3 which 
aree a compromise between fast simulations (large timestep At) and stability of the 
systemm without large deviations from the imposed temperature. 

ReducedReduced and physical units 

Usuallyy within the DPD approach one makes use of reduced units for the mass, length 
andd energy. |24,28]. The unit of length is defined by the cut-off radius Rc, the unit of 
masss by the mass m of a DPD bead (where all the beads in the system have equal 
mass),, and the unit of energy by kBT. From these, the unit of time T follows as 

TT = R, v/m/knT. (2.8) 

InIn the following, unless otherwise stated, all the reported quantities will be expressed 
inn these reduced units. 

Ann important—and non trivial—aspect in mesoscopic simulations is the map-
pingg of the above mentioned units onto physical units. The level of coarse-graining, 
i.e.i.e. the number Nm of molecules represented by a DPD bead, can be seen as the 
renormalizationn factor for this mapping [24]. As an example we describe below the 
proceduree to derive the physical unit of length. If a DPD bead corresponds to Nm 

waterr molecules, then a cube of volume R3 represents pNm water molecules, where p 
iss the number density, i.e. the number of DPD beads per cubic Rc. Considering that 
aa water molecule has approximately a volume of 30 A3, we then have 

R33 =30pNm[A 3:. (2.9) 

Takingg a bead density of p = 3 [28], from equation 2.9 we have 

Rcc =4.4814(Nm)1 3:Aj . (2.10) 

Forr instance, if Nm = 1 then Rc = 4.4814 A, andif Nm = 3 then Rc = 6.4633 A. 
Differentt mapping criteria have been used to derive the physical unit of time, all 

basedd on the mapping of diffusion constants for the system components. For ex-
ample,, Groot and Rabone [24] used a mapping based on the comparison of the ex-
perimentall  value of the self-diffusion constant of water and the corresponding value 
computedd in DPD simulations, while Groot [46] used the diffusion constant of a sur-
factantt micelle. In both references a value of the integration timestep (see equation 
2.7)) of At = 0.06T was taken, which gives At =5ps or At %25ps depending on which 
diffusionn constant is considered. Both values show that DPD simulations allow for 
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aa timestep at least three orders of magnitude larger than in atomistic molecular dy-
namicss simulations, where a timestep of the order of few fs is typically used. 

Inn the next section we describe the coarse-grained model we use to represent lipid 
moleculess and we show that these model lipids, simulated with DPD, spontaneously 
self-assemblee into micelles and bilayers. 

2.22 Coarse-graine d mode l of lipid s 

Withinn the mesoscopic approach, each molecule of the system (or groups of molecules) 
iss coarse-grained by a set of beads. We consider three types of beads: a water-like 
beadd (denoted as 'w'), which models the solvent, anhydrophil icbead (denoted as 'h') 
whichh models a section of the lipid headgroup, and an hydrophobic bead (denoted 
ass 't') which models a segment of the lipid hydrocarbon tail. A lipid is constructed 
byy connecting head- and tail-beads with springs. The simplest lipid consists of a lin-
earr chain of one hydrophilic head-bead and one tail of hydrophobic beads. A more 
realisticc model of a phospholipid can be constructed by connecting two hydropho-
bicc tails to an headgroup consisting of one or more head-beads. In both single- and 
double-taill  lipids the tail(s) can have different length. We denote a single-tail lipid 
withh one head-bead and n tail beads as htn, and a double-tail lipid with m head-
beadss and n tail-beads as hm ( t n )2 (see figure 2.1). 

hh h3 

: : 

,, h= 

t 3 3 

r r 
t4 4 

t l l 

t 2 2 

t 3 3 

h t 55
 h 3 ( t 4 )2 

Figuree 2.1: Schematic drawing of the single- and double-tail model lipids described in the text 
andd their nomenclature. The black particles represent the hydrophilic head-beads and the 
whitee particles the hydrophobic tail-beads. 

AA mapping of coarse-grained lipids onto real phospholipids can be established 
throughh the factor Nm. We have chosen a mapping factor of N„, = 3, corresponding 
too three water molecules represented by one DPD-bead of volume of 90 A3. In terms 
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off  methyl groups of an actual lipid molecule, this volume corresponds to three CH2 

groupss (or one CH2 plus one CH3 group). By also mapping the choline, phosphate, 
andd glycerol groups of the phospholipid hydrophilic head on one DPD bead each, a 
reall  phospholipid, like, for example, dimyristoylphosphatidylcholine (DMPC), can 
bee represented by a double-tail coarse-grained lipid with three hydrophilic head-
beadss and five hydrophobic beads in each tail (lipid Hj ' tsb), as shown in figure 2.2. 

Figuree 2.2: The atomistic representation of DMPC and the corresponding coarse-grained 
modell  used in this work. Hydrophilic head-beads are indicated in gray and hydrophobic tail-
beadss in white. 

ModelModel parameters 

Non-bondedd interactions 
Thee non-bonded interactions between the beads are described by the conservative 
forcee of equation 2.2. The relative strength of the force between different bead types 
iss represented by setting the repulsion parameter between two beads-either both hy-
drophilicc or hydrophobic- to a smaller value than the one between two beads where 
onee is hydrophilic and the other is hydrophobic. 

Inn particular, the interaction parameter between water-beads (aKK) can be de-
rivedd by fitting the calculated value of the compressibility of water at room tempera-
turee to the experimental one [24,28], according to 

Wap\\ = ]W3p\ 
kBTT U p / C . kBT \dn l ' 

00 \ i y sim 'J \ / exp 

wheree Nm is the number of water molecules that are represented by one DPD bead, p 
iss the pressure, and n and p are the water and DPD water-like bead densities, respec-
tively.. Groot and Warren [28] have shown that for densities p > 2, the equation of 
statee of a DPD single-component system for different densities and different repul-
sionn parameters follows a simple scaling relation. Since the higher the system density 
thee larger the number of interactions for each particle, it is convenient to choose the 



14 4 Simulationn method for coarse-grained lipids 

minimumm density for which the scaling relation holds, i.e. p = 3. For this value of the 
density,, the correct compressibility of water is matched for auu = 25NmkBTa. In this 
fittingg procedure a temperature of T" = 1.0 (where the star indicates the temperature 
inn reduced units) corresponds to room temperature TG. In principle, the same proce-
duree could be used to match the compressibility of water at different temperatures. 
Thiss would result, however, in temperature dependent au parameters. Such tem-
peraturee dependent parameters would make the interpretation of the results more 
complexx and therefore we assume that these parameters are temperature indepen-
dent.. Hence in our simulations we have chosen to keep the parameters fixed and 
onlyy change the temperature whenever we use a temperature different than the room 
temperature.. Since the translation to experimental temperatures is not straightfor-
ward,, in Chapter 5 we will convert the reduced temperatures into physical units by a 
mappingg based on the temperatures of the phase transitions in lipid bilayers. 

Too obtain the repulsion parameters for a multicomponent system, where beads 
off  different type are present, mutual solubilities can be matched by relating the DPD 
repulsionn parameters to the Flory-Huggins x-parameters that represent the excess 
freee energy of mixing [24,28,43]. 

Thiss route to derive repulsion parameters for mixed DPD systems has been ap-
pliedd by various authors. However, the set of mesoscopic parameters used in the 
literaturee to model amphiphilic surfactants, and in particular phospholipids, is not 
unique.. Different levels of coarse-graining result in different parameter sets [24,28, 
46].. The ionic nature of the molecules [24,46] can produce different values for the 
interactions.. Also, the interactions parameters have been tuned to reproduce the 
self-assemblyy of amphiphilic surfactants into spherical micelles [46], or into a bi-
layerr with thickness and lipid end-to-end distance consistent with experimental val-
uess [50]. Despite these differences, it can be shown that if the repulsion between hy-
drophobicc and hydrophilic particles is sufficiently larger than the repulsion between 
particless of the same type, phase separation occurs, and that, under the appropri-
atee conditions of concentration and amphiphiles architecture, the self-assembled 
supra-molecularr structure is a bilayer. We use the parameter set derived by Groot 
forr amphiphilic surfactants [46] and reported in table 2.2, with the exception of at t 

(tail-tail),, which we have increased from 15 to 25 to avoid unrealistic high densities 
inn the bilayer hydrophobic core. The low repulsion between water-beads and head-

a-u u 
w w 
h h 

ww h t 
255 15 80 
155 35 80 

Tablee 2.1: Repulsion parameters a,, (see equation 2.2) used in our simulations. Water beads 
aree indicated as w, hydrophilic head-beads as h, and hydrophobic tail-beads as t. The param-
eterss are in units ofkuT. 
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beadss a,vh represents the hydration of the headgroup by water molecules. The higher 
valuee of the head-head repulsion parameter ahh, respect to the water-water aW\V and 
tail-taill  att repulsion parameters, takes into account the bulkier volume of the head-
groupp and the repulsion due to the charged nature of the lipid headgroup. 

Thee value QUW - 25 for the interaction parameter between water beads, reported 
inn table 2.2, gives the correct compressibility of water at room temperature if a map-
pingg factor of Nm = 1 is used. However, it is worth to point out that the interaction 
parameterss have an effective nature, and that the relative strength of the interac-
tionss between different beads is the factor that mainly determines the properties of 
thee mesoscopic bilayer. In the following of this thesis we will show that a mapping 
factorr of Nm = 3 can also be used in combination with the parameter set of table 
2.2,, and that the properties of the resulting coarse-grained mesoscopic bilayers can 
bee consistently compared with experimental data. In particular, in Chapter 3, we will 
showw that the bilayer area compressibility has a value comparable with the area com-
pressibilityy of real phospholipid bilayers; and, in Chapter 5, that the bilayer structural 
quantities,, like the area per lipid and bilayer thickness, for the coarse-grained bilay-
ers,, are in remarkably good quantitative agreement with experimental data. 

Bondedd interactions 
Thee beads that form a lipid molecule are connected via harmonic springs. Groot and 
Warrenn [28] used a harmonic force in the form 

'springg = KFij (2.12) 

withh a spring constant k = 2. This spring force, however, does not prevent the beads 
too be located far more than a cut-off radius, Rt, apart. In this way it would be easy 
forr the lipid chains to cross each other without experiencing any mutual interaction. 
Thiss means that, due to the soft interactions between DPD beads, the model can not 
simulatee entanglement if the spring in equation 2.12 is used. This problem can be 
controlledd by adjusting the length and intensity of the spring (51]. To avoid bond 
crossingg we use a spring force in the form of a Hookean spring 

Fspringg — K r h ' i j — r t , q i f i j . ( 2 . 1 3) 

Thee equilibrium distance, giving the chosen number density of 3, is i\.q = 0.7. The 
forcee constant Kr is chosen with a value 100, which guarantees that 98% of the cu-
mulativee bond distance distribution lies within one Rc. To compare the two spring 
models,, in figure 2.3 we plot the total energy given by 

Utmm = Uc + USprinK, (2.14) 
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wheree UL- is the energy due to the force Fe in equation 2.2: 

Li cc = a 
2RC C 2 2 

(2.15) ) 

andd the value of the repulsion parameter is chosen as a = 25kBT. Uspnng in equation 
2.144 is either the potential from the spring force in equation 2.12 or in equation 2.13. 
Itt can be seen that using the potential from equation 2.12 and k = 2 (dashed line in 
figurefigure 2.3) the minimum of the total potential energy is very broad and located at a 
valuee of the interparticle distance rQ ~ 0.9, which is almost the value of the cut-off 
radiuss (Rc = 1). The same potential with k == 100 (long-dashed line in figure 2.3) 
presentss a deeper minimum but results in a value of the interparticle equilibrium 
distancee r0 ~ 0.2 which is too small compared to the average distance between the 
beadss in a system at density p = 3, while the Hookean spring of equation 2.13 (solid 
line)) with the chosen parameterization, gives the correct bond length. 

50 0 
/ / 

/ / 

Figuree 2.3: Comparison of the total potential energy Utot (see equation 2.14 and 2.15) for the 
twoo spring models in equation 2.12 (dashed line k=2, long-dashed line k=100) and 2.13 (solid 
lineK,-- = 100). 

Thee flexibility  of the lipid can also be controlled by adding an extra bond-bending 
potentiall  between consecutive bonds in the form: 

U U bend d 2 2 

Ke e 
2 2 

T jj  - l . i  T j  . i , j 
(2.16) ) 

wheree Ke is the strength of the potential, 8 is the angle between two consecutive 
bondss (r; i,i and r-i+i.ü. and 90 is the equilibrium angle. If no angle is set in the 
hydrophobicc tail, the lipid is fully flexible. A resistance to bending can be modeled by 
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settingg the equilibrium angle of the bond-bending potential to the value 0O = 180°. 
Thiss topology can represent saturated carbon chains or unsaturated all-trans chains. 
Too model a ds-unsaturation due to a double bond, an equilibrium angle 60 = 135° 
cann be chosen since cw-unsaturation creates a kink in the lipid tail [52]. 

2.33 Self-assembl y 

Thee scope of this section is to show that DPD coarse-grained lipids, modeled with 
thee interaction parameters of table 2.2, can demix and form self-assembled struc-
tures.. To study the self-assembly process we consider mixtures of water and single-
taill  lipids with five tail-beads (ht-,). The lipid tail is fully flexible, i.e. no bond-bending 
potentiall  is applied. 

Wee consider mixtures of water and lipids at different mole fraction, cs, defined as 

wheree N| and Nvv are the total number of lipids and water particles in the system, 
respectively.. For each of these systems the number density — defined as the total 
numberr of beads in the system divided by the simulation box volume — was p = 3, 
andd the box lengths were fixed as Lx = l_y — 10 and Lz = 12, with periodic boundary 
conditionss in all three Cartesian directions. For each concentration we started with 
aa random initial configuration of the lipids in water and we let the system evolve 
untill  the equilibrium state was reached, i.e. until the supramolecular aggregate of 
thee lipids was stable in time. 

Forr the simulations presented in this section we have chosen a temperature of 
lcBTT = 1. We will show in Chapter 5 that the parameters in table 2.2 lead to stable 
bilayerss in a wide range of temperatures. 

ResultsResults and discussion 

Att low concentrations one small spherical micelle is formed. By increasing the con-
centrationn the size of the spherical micelle increases until a concentration of 0.044 
iss reached, when a cylindrical micelle is formed. This cylindrical micelle is stable up 
too cs % 0.057, then, at cs = 0.062, it deforms into a flat cylindrical micelle. When 
thee number of lipids is further increased by just 10 more molecules (corresponding 
too a concentration of cs = 0.067), a bilayer with a pore is formed. To obtain a com-
pletee bilayer a concentration of cs = 0.077 must be reached, corresponding to 200 
lipids.. In the first stage of the bilayer formation the lipids aggregate in a cluster. This 
clusterr then takes the shape of a cylinder. The cylindrical micelle is not stable and 
showss large fluctuations in shape. Some of these fluctuations result in a percolation 
off  the micelle across the periodic boundary conditions and a bilayer is formed. It 
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takess between 10000 and 20000 time steps for a bilayer to self-assembly, and the bi-
layer,, once formed, is stable and symmetric, i.e. it contains approximately the same 
numberr of lipids in each monolayer. A bilayer is the stable structure up to 210 lipids. 
Byy further increase in the concentration, the bilayer starts to branch and deforms in 
aa shapeless structure tough still interconnected. For 300 lipids (cs = 0.14) a second, 
separate,, bilayer starts to form, parallel to the first one. In figure 2.4 we show some of 
thee described structures as snapshots taken from the simulations. 

Ourr results are in remarkably good agreement with the results by Goetz and Li-
powskyy [21]. These authors studied the self-assembly of linear CG Lennard-Jones 
amphiphilicc surfactants — with the same topology as our DPD single-tail lipids — by 
molecularr dynamics and Monte Carlo simulations. We find the same self-assembled 
structuress that these authors find, and the same type of structure is formed in the 
samee range of concentrations in the two studies. A small difference between our 
studyy and the one in ref. [21] is that in our simulations the transition from one type of 
structuree to the other (like, for example, from spherical micelle to cylindrical micelle) 
occurss at slightly lower lipid/water ratios than observed by Goetz and Lipowsky. This 
iss likely due to the fact that the amphiphiles in [21] have four beads in the tail and 
thee ones we use have five, while both models have the same headgroup size (one 
bead).. As a consequence, closed spherical structures (like micelles and cylindrical 
micelles)) that contain the same number of molecules become unstable at lower con-
centrationss for amphiphiles with a longer tail. The hydrophilic surface is the same 
inn the two cases, but the hydrophobic volume is larger for amphiphiles with a longer 
tail.. To verify this hypothesis we studied the self-assembly of lipids with four tail-
beadss (Ht4) in the same range of concentrations used for the ones with five tail-beads. 
Wee indeed found that, for these shorter chains, the transitions between the different 
supramolecularr aggregates occur at higher concentrations compared to the ones of 
longerr lipids. These concentrations are still slightly lower than the corresponding 
oness reported in [21]. 

Itt is also interesting to compare out results with the recent simulation of Marrink 
etaletal [6] whose work is the first simulation of aggregation of phospholipids into bilay-
erss with atomic details of the structure and interactions. These authors find that a bi-
layerr with an hydrophilic pore, like the one observed in our and Goetz and Lipowsky's 
CGG simulations, is the intermediate configuration in the formation of the bilayer. The 
breakdownn of the pore is the rate limiting step in the overall process. Although in our 
simulationss the bilayer with a pore is stable and it is observed at concentrations too 
loww for a full bilayer to be formed, the fact that this structure has been produced us-
ingg such different models and simulation techniques suggests that it could indeed be 
aa fundamental step in the kinetics of bilayer self-assembly. 
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ia; ; (b) ) 

(O O !(l l l 

(e) ) 

Figuree 2.4: Snapshots of self-assembled structure of ht-, lipids. Following increasing concen-
tration:: large spherical micelle (a), cylindrical micelle (b), flat cylindrical micelle (c), bilayer 
withh a pore (d), and bilayer (side and top view) (e,f). The black beads represent the head-
groups,, the gray beads the tails, and the dots the water particles. 
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3.11 Introductio n 

Lipidd bilayers are self-assembled structures, which are not constrained by the total 
area,, and hence wil l adopt a conformation that wil l have the lowest free energy. Since 
thee thermodynamic definition of surface tension is the derivative of the free energy' 
withh respect to the area of the interface [53], for a unconstrained bilayer the free en-
ergyy minimum wil l be a tensionless state [54]. Experimental results on unilamellar 
vesicless have also indicated that bilayers are in a stress free state [55]. In molecular 
simulation,, for both self-assembled and pre-assembled membranes, a fixed num-
berr of lipid molecules and a fixed area are usually combined with periodic bound-
aryy conditions. The periodic boundary conditions correspond to an infinitely large 
membrane,, but the fixed size of the simulation box, and the fixed number of lipids 
att the interface, impose a constraint on the bilayer area which results in a finite sur-
facee tension. Although the constraint on the fixed area can be released by performing 
simulationss of membranes at constant pressure or constant surface tension [56,57], 
itt is an important — and still open — question which value of the surface tension 
shouldd be used in simulations to reproduce the state and the area per lipid of a real 
membrane. . 

InIn their molecular dynamics simulations Feller and Pastor [58,59] observed that a 
tensionlesss state did not reproduce the experimental value of the area per lipid. They 
explainedd this result by considering that, since the typical undulations and and out-
of-planee fluctuations of a macroscopic membrane do not develop in a small patch of 
aa membrane (theirs was composed of 36 lipids for monolayer), a positive surface ten-
sionn (stretching) must be imposed in order to compensate for the suppressed undu-
lations,, and hence to recover the experimental values of the area per lipid. Recently, 
Marrinkk and Mark [60] investigated the system size dependence of the surface ten-
sionn in membrane patches ranging from 200 to 1800 lipids, simulated for times up 
too 40ns. Their calculations show that, in a stressed membrane, the surface tension 
iss size dependent, i.e. it drops if the system size is increased (at fixed area per lipid), 
whichh is in agreement with the results by Feller and Pastor. On the other hand, their 
resultss show that at zero stress simulation conditions the equilibrium does not de-
pendd on the system size. Marrink and Mark then concluded that simulations at zero 
surfacee tension correctly reproduce the experimental surface areas for a stress free 
membrane. . 

Simulationss at constant surface tension have been introduced by Chiu et al. in 
[56].. A constant surface tension ensemble (NVy) has been considered in literature 
andd the corresponding equations of motion for Molecular Dynamics simulations 
havee been derived [57], and applied to the simulation of phospholipid bilayers [59, 
61-65],, Alternatively, to ensure a tensionless state, Goetz and Lipowsky [21] per-
formedd several simulations to determine the area per lipid that gives a state of zero 
tension. . 
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InIn our simulations we use a different approach, based on a Monte Carlo (MC) 
scheme,, to simulate a membrane at a given state of tension, of which the tensionless 
statee is a particular case. Similar to constant pressure simulation, we impose a given 
valuee for the surface tension and from the simulation we obtain the average area per 
molecule.. Such method has the advantage that we do not have to perform several 
-- relatively expensive - simulations to locate the area of zero tension. Moreover, by 
releasingg the constraint of a priori  chosen area and allowing dynamic fluctuations 
off  the bilayer area, the system is able to explore the phase space and assume the 
configurationall  structure that corresponds to the free energy minimum at the given 
thermodynamicc conditions. One of the implications of this extra degree of freedom is 
thatt it allows to observe directly phase transitions in which the area per lipid changes. 
Wee wil l exploit this advantage in Chapter 5 where we study the phase behavior of lipid 
bilayers. . 

Inn this Chapter we first introduce the definition of surface tension and its cal-
culationn method in computer simulations. We then describe the scheme we use to 
imposee a given value of the surface tension and we validate the method by applying 
itt to a monolayer of amphiphilic dumb-bells at oil-water interface. We then utilize 
thee constant surface tension scheme in simulations of lipid bilayers to study the de-
pendencee of the area per lipid on the system size, and on the value of the applied 
surfacee tension. 

3.22 Metho d of calculatio n of surfac e tensio n 

Inn homogeneous systems at equilibrium the pressure is constant and equal at each 
pointt in space, while for an inhomogeneous system the pressure is a tensor P(r) that 
dependss on the spatial direction and on the position r where it is calculated. Here 
wee follow the discussion presented in [53] and [66] to derive the properties of the 
pressuree tensor. 

Considerr a system of two immiscible liquids forming a planar interface normal to 
thee z direction. In equilibrium, mechanical stability requires that the gradient of the 
pressuree tensor is zero everywhere 

VV P = 0. (3.1) 

Shearr forces are also zero and the non diagonal components of P vanish; also, be-
causee of planar symmetry, the components of the pressure tensor parallel to the in-
terfacee should be identical. The pressure tensor is then diagonal 

// Pxx 0 0 \ 
PP = 0 Pyy 0 . (3.2) 

VV o 0 Pzz J 
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with h 
Pxxfr!!  - PV)V)(ri. (3.3) 

Fromm equations 3.1 and 3.2 we have 

^ — e vv + — - e w — ^ ; = 0 (3.4) 
oxx oy "  02 

wheree ea (a x, y, z) are the orthogonal basis vectors in the Cartesian space. From 
equationss 3.4 and 3.3 results that the lateral (also called tangential) components of 
thee pressure tensor are function of 2 only: P| (zt = Pxx(z) = Pin,(z). The normal 
componentt is constant throughout the system and equal to the external pressure: 
P\ii  I'21 — Pzz |2! = PL.xt. The lateral components are also equal to the external pressure 
inn the bulk phases. 

Thee surface tension is defined as the integral over the interface of the difference 
betweenn the normal and lateral components of the pressure tensor [67,68] 

YY = dz !PN ( z | -PL ( z ):: = dyU)) (3.5) 

wheree Z] and z? are positions in the bulk phases and 7(2) is the local surface tension 
att position 2. 

InIn molecular simulations, statistical mechanics is used to relate thermodynamic 
quantitiess to ensemble averages over microscopic degrees of freedom. For an homo-
geneouss system the pressure is a scalar and it can be expressed by the virial equa-
tionn 169,70] 

P = p k B T + ^ / ^ r i - F i \\ (3.6) 

wheree F, is the total internal force on particle i and the brackets indicate an ensemble 
average.. If the intermolecular forces are pairwise additive, the above may be written 
as s 

PP = p k F » T + ^ / ^ 2 I r i i - F i 1 \ (3-7) 

wheree F^ is the force on particle i due to particle j . 

Forr an inhomogeneous system the pressure tensor at position r can still be ex-
pressedd in a tensorial form of the virial equation and it can be split in a kinetic PK 

andd a potential part Pu [66], 

Plrii  - PK ( r i t Pu! r i (3.8) 
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Thee kinetic part can be expressed as a generalization of the ideal gas contribution 

PK (r)) =kB Tp( r l l (3.9) 

wheree p(r] is density at position r and 1 is the 3x3 unit matrix. This kinetic part is a 
singlee particle property and it is well localized in space. Conversely, there is no un-
ambiguouss way of expressing the potential part of the pressure tensor. Pu (r) can be 
definedd as the force acting across a microscopic element of area located at r. Because 
thee force depends on the position of two particles (for pair additive potentials), there 
iss no unique way to determine which pairs of particles should contribute to the pres-
suree across the microscopic element of area at r 171], and to reduce the non local 
two-particless force to a local force at r. Irving and Kirkwood [72] derived the equa-
tionss of hydrodynamics by means of classical statistical mechanics and obtained the 
expressionn of the pressure tensor in terms of molecular variables. They required that, 
inn any definition of the pressure tensor, the local virial should be located near the line 
connectingg the two interacting particles. 

Differentt methods have been proposed to compute the potential part of the pres-
suree tensor, like the Irving and Kirkwood method [72] or the Harashima method [73]. 
Thee various definitions correspond to different choices of the contour which con-
nectss the position in which the microscopic pressure tensor is calculated with the 
particless position. It is important to underline that all methods give the same expres-
sionn for the total pressure and interfacial tension when integrated over the whole 
system,, while the expression of the local pressure depends on the applied method. 
Forr a detailed description of these different methods see [66]. In our simulations we 
usee the Kirkwood-Buff convention [67, 74], which takes as a contour a straight line. 
Thee simulation box of sizes Lx, Ly and L,, is divided into TMS slabs parallel to the in-
terfacee (xy-plane) and the contribution of each pair of interacting particles to the 
locall  pressure tensor is evenly split through all the slabs which intersect the line the 
connectss the two particles (line of centers). 

Thee normal and lateral components of the local pressure tensor in slab k, includ-
ingg the kinetic contribution, are then given by 

P,(kll  - i c B T C p f k ) / - ^ / ^ "' X i i
r
+ V l i i u ' ( rt i ) \ (3.10) 

PN(kll  = kBT(p(k)i - Y \ T - k ~u'{r" ]) ( 3- H ) 

wheree p(k| is the average density in slab k, Vs = L xL yL 2/Ns is the volume of a slab, 
U ' (T || is the derivative of the intramolecular potential, and the brackets denote an en-
semblee average. Y.' \ \ means that the summation runs over all pairs of particles (i, j) 
off  which the slab k (partially) contains the line of centers. A slab k gets a contribu-
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tionn 1 ,/Nt) from a given pair (i J 1, where Nu is the total number of slabs that intersect 
thee line of centers between particle i and j . Periodic boundary conditions are always 
takenn into account in this calculation. The integral in equation 3.5 now becomes 

kk 1 

N l k i - P L L 'k);Azss = ^ y (3.12) ) 

wheree Azs = L, Ns is the (uniform) width of the slabs and y(kl is the local surface 
tensionn in slab k. 

Too illustrate the application of this method with a very simple example, we plot in 
figurefigure 3.1 the distribution of the local surface tension y (z I across an oil/water inter-
facee (the interface is perpendicular to the z-axis), calculated from a DPD simulation 
off  oil- and water-like phase separated particles. In the same figure we also plot the 
oil,, water and total densities profiles to better characterize the shape of the pres-
suree profile. Note that, because of periodic boundary conditions, the interfaces in 
thee simulation box are actually two. The maximum of the surface tension is at the 

10 0 

Figure3.1::  Surface tension profileylz) (solid black), and oil (dashed black), water (dot-dashed 
black),, and total (solid gray) density profiles across the interfaces (perpendicular to the z-axis) 
betweenn phase separated oil and water. Because of periodic boundary conditions, there are 
twoo interfaces. Note that the densities have been rescaled and shifted for better comparison 
withh the surface tension (hence the scale in the graph ordinate refers to the surface tension 
onlv). . 

oil/waterr interfaces where there are large repulsive forces between oil and water, and 
thee density is lower than in the bulk phases. Moving away from the interface (in 
bothh directions since the system is fully symmetric), as a consequence of the repul-
sivee forces at the interface, there is a thin region of compressed fluid where the sur-
facee tension becomes (slightly) negative. The surface tension becomes again positive 
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wheree a second density minimum occurs and then goes to zero in the bulk phases. 
Inn the literature, when describing the distribution of pressures in a lipid bilayer, 

thee quantity that is usually reported is the difference between the lateral and the nor-
mall  pressure. Hence, we find it convenient to define here the pressure profile n(z) 
as s 

7t(z)) = [PL (z) -PN (z) ] . (3.131 

3.33 Constan t surfac e tensio n ensembl e 

Inn this section we introduce a Monte-Carlo (MC) scheme to impose a constant sur-
facee tension in the presence of a planar interface [75]. 

Considerr a system with constant number of particles N, constant temperature 
T,, and constant volume V, in which an interface of area A is present. The interface 
givess an additional term in the energy of the system, i.e. the energy associated with 
thee creation of the interface, which is expressed by the surface tension y times the 
areaa of the interface. The work done on the system by compressing or stretching the 
interfacee by dA, is given by [53] dVV = ydA. The partition function for such a system 
cann be written as 

drNexpp [-|3(U(rN) - y A ) ] . (3.14) 
v v 

wheree LI denotes the potential energy, y the surface tension, A the area of the inter-
face,, and (3 = 1/kBT. 

-' -' 
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/ ^ / / 
XX y/ L|| 

Figuree 3.2: Schematic representation of a simulation box for a system with a flat interface par-
allell  to the xy -plane. The area of the interface is A = L: and the box dimension perpendicular 
too the interface (z axis) is L_. 

Considerr a simulation box (see figure 3.2) with edges Lx = Ly = L, parallel to 

QQ = 
l l 

A 3 NN! ! 
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thee interface (xy plane), and L- = L perpendicular to the interface (z axis), so that 
thee system volume is V — L L1 and the area of the interface A = lA We define a 
transformationn of the box sizes which changes the area and the height but keeps the 
volumee constant. Such a transformation can be written in the form 

L'' = AL (3.15) 

wheree A is the parameter of the transformation. By changing A, the above expression 
generatess a transformation of coordinates which preserves the total volume of the 
system,, hence no work against the external pressure is performed. The coordinate 
phasee space has now an extra degree of freedom represented by the parameter A. 
Too write the partition function corresponding to this ensemble it is convenient to 
introducee a set of scaled coordinates s e [0,Ij , defined as 

rr = (L sx,L sy ,L_s; ) . (3.16) 

Byy a transformation of the box sizes with A (equation 3.15) the coordinates of the 
particless rescale as 

1 1 
A2 2 r ' == ( AL, sx,AL sy, v^L^s, ) . (3.17; 

InIn terms of these scaled coordinates the partition function of the system takes the 
expression n 

QQ V ' 
A-^N ! ! 

dA A dsN exp { - |33 ~U(sN;AI - y A ( A l i } . (3.18) 

Thee probability of finding a configuration with scaled positions sN and parameter A 
iss then given by [76J 

N(sN,A)) x exp{-(3 |U(sx;A) - yA(Af }  . (3.19) 

Inn a MC move an attempt of changing the parameter A is then accepted with a prob-
ability y 

exp{ - |33 h j ( s 'N ;A ' ) - yA (A ' l | } 

wheree y is the imposed surface tension. If we choose the particular value y = 0, 
thenn the explicit term depending on the area in equation 3.20 drops. The described 
schemee can be applied to impose any value of the surface tension. It is important to 
remarkk that this scheme assumes that the stress tensor is diagonal, which is true for 
fluidd systems. Since, as we have discussed in Chapter 2, an llamiltonian for the con-
servativee part of the interaction energy in DPD can be defined, it is possible to imple-
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mentt the described MC scheme in combination with DPD simulations. The method 
combiness DPD to evolve the positions of the particles and MC moves to change the 
shapee of the simulation box [75]. A simulation done with this hybrid method con-
sistss of cycles. In each cycle we choose at random whether to perform a number 
off  DPD steps or an attempt to change the parameter A (i.e. the box aspect ratio) by 
6A.. The number of DPD steps to perform when a DPD-type move is chosen is also 
selectedd at random between one and a maximum number of steps Nmax- We have 
chosenn Nmax = 50. The fraction of accepted box shape moves was set at 30%, and 
5AA is automatically adjusted at regular intervals during the simulation to match this 
percentage.. Unless otherwise stated, these are the values used in all the simulations 
presentedd in this thesis. 

ValidationValidation of the constant surface tension scheme 

Too validate the constant surface tension scheme, we performed simulations of a mono-
layerr of amphiphilic dumb-bell surfactants at water-oil interface. The system consist 
off  1400 oil-lik e beads (o), 1400 water-like beads (w), and 200 dumb-bell surfactants 
builtt by connecting via a spring one water-like bead to one oil-lik e bead. The DPD 
repulsionn parameter between beads of the same type was chosen as Q,)0 = QU,W = 25, 
andd the one between different beads as aow = 80. The overall number density of the 
systemm was p = 3. We considered the monolayer with two different initial values of 
thee area, corresponding to a surface tensions of y = 0 and y = 4, respectively. In 
bothh systems we imposed a surface tension of y = 2 and calculated the area and the 
surfacee tension as function of MC cycles. The results are plotted in figure 3.3. In both 
casess the imposed value of the surface tension was already achieved after only 1000 
MCC cycles, and the area of both systems converged to the same value. 

100 0 

555 ' 

3 3 

0 0 
00 100 0 200 0 300 0 400 0 500 0 

MCC cycles 

Figuree 3.3: Area, A, and surface tension, y, as function of MC cycles. The two sets of lines 
correspondd to different initial conditions: area A = 53.8 and surface tension y = 0 (black 
lines),, area A = 101.4 and surface tension y - 4 (gray lines). The plotted values of the surface 
tensionn are running averages of length 100. 
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3.44 Surfac e tensio n in lipi d bilayer s 

Too investigate the system size dependence of the area per lipid on the surface ten-
sion,, we consider bilayers formed by 100, 200, 400, 900, and 1600 lipids to which we 
imposee different values of the surface tension using the above described hybrid DPD-
MCC scheme. The area per lipid, A;, is calculated in our simulations as the bilayer 
projectedd area divided by half the number of lipids that form the bilayer, considered 
that,, on average, there is an equal number of lipids in each monolayer. 

ComputationalComputational details 

Thee lipid model used for these simulations is a double-tail lipid with three head-
beadss and five hydrophobic beads in each of the tails, denoted as h^ft-, (2, and shown 
inn figure 3.4. 

Figuree 3.4: Schematic representation of the model lipid h.3 It-, ij , used in the simulations pre-
sentedd in this section. The black particles represent the hydrophilic head-beads and the gray 
particless the hydrophobic tail-beads. 

Thee interaction parameters between the beads are the ones described in sec-
tionn 2.2 of Chapter 2. Two consecutive beads in the lipid are connected by har-
monicc springs (equation 2.13) with spring constant Kr = 100 and equilibrium dis-
tancee r0 = 0.7. To control the tail flexibility , a bond-bending potential (equation 
2.16)) between two consecutive bonds in the lipid tails was added with bending con-
stantt Ke = 6 and equilibrium angle 9o = 180°. An additional bond-bending potential 
wass applied between the vectors connecting the tails to the headgroup, with Ke = 3 
a n d 900 = 90". 

Thee lipid 113(15)2, with the chosen interaction parameters, self-assemble into a 
stablee bilayer. First a self-assembled bilayer of 100 lipids and 2500 water particles, 
correspondingg to a fully hydrated bilayer, was formed by using DPD steps only, then 
thee bilayer was replicated in the x and y directions (plane of the bilayer) to form bi-
layerss of different size: i.e. of N, =100, 200, 400, 900, and 1600 lipids. In each case, 25 
waterr particles per lipid were considered, resulting in a maximum total number of 
beadss of 60800, in the case of the bilayer formed by 1600 lipids. For each considered 
systemm the overall density was p = 3 and the reduced temperature T' = l. To each 
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off  these bilayers different values of the surface tension were then imposed by apply-
ingg the hybrid MC-DPD scheme, with a probability of 70% of performing DPD steps 
(chosenn at random with a maximum of 50), or to attempt a change of the box aspect 
ratio.. The total number of MC-DPD cycles was 100,000 for each simulation and the 
instantaneouss values of the area and surface tension were sampled every 50 cycles. 

Negativee values of applied surface tension, y, correspond to a compression of the 
bilayer;; y = 0, corresponds to a tensionless, unconstrained bilayer; and positive val-
uess to a stretched bilayer. for each of these values of surface tension and for each of 
thee bilayer sizes considered, the bilayer configuration was the stable state through-
outt the simulation. 

ResultsResults and discussion 

Thee instantaneous value of the area per lipid for a bilayer of 400 lipids is shown in 
figuree 3.5(a), as function of MC cycles and at three different values of imposed sur-
facee tension {one positive, one negative and one zero). All the systems start from the 
samee value of the area per lipid and, after about 20,000 MC cycles, have converged 
too the average values: 'A,;: = 1.50  0.03 for imposed y = - 2, Aj = 1.66  0.02 
forr imposed y = 0, and (A,) = 1.83 n 0.02 for imposed y = 2. The fluctuations of 
thee computed surface tension are very large, though decreasing in magnitude with 
increasingg value of the imposed surface tension. For example, at imposed value of 
yy = -2, the calculated value of the surface tension was -2.0  1.4, at imposed y = 0, 
thee calculated surface tension was 0.0 it 1.3, and at imposed y - 2, the calculated 
surfacee tension was 2.0 = 1.1. Despite these large fluctuations, the average value of 
thee surface tension is equal to the imposed one, as can be seen from the running 
averagess plotted in figure 3.5(b). 

AA further verification that the equilibrium area per lipid does correspond to the 
imposedd surface tension, was obtained by making the histogram of the sampled val-
uess of the area at equilibrium, and by calculating the corresponding average surface 
tensionn in each bin. In figure 3.6 three of these histograms for the bilayer of 400 lipids 
aree shown, relative to negative, zero and positive values of the imposed surface ten-
sion,, respectively. Each of the histograms is computed after the area has reached 
itss equilibrium value, hence the width of the distribution of the area per lipid corre-
spondss to the spontaneous fluctuations at equilibrium. 

Thee average values of y show a linear increase with increasing area. The larger the 
area,, the more stretched is the membrane, corresponding to higher values of the sur-
facee tension, and in correspondence with the maximum in the area distribution the 
surfacee tension is equal to the imposed value. These trends are more pronounced for 
positivee and zero imposed surface tension (graphs (b) and (c) in figure 3.6), while in 
thee case of negative imposed surface tension (graph (a)) there are deviations from a 
linearr dependence of the surface tension on the area. The dependence of the area per 
lipidd on system size, N| , and on imposed surface tension, y, is shown in figure 3.8. 
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Figuree 3.5: (a) Instantaneous value of the area per lipid, AL, as function ofMC cycles for three 
valuess of imposed surface tension y. In figure (b) the corresponding running averages (of 
lengthh 100) of the instantaneous value of the surface tension are plotted. The straight lines 
parallell  to the graph abscissa correspond to the imposed values of the surface tension. The 
datarefertoabilayerof4000 hjftsh lipids. 

Thee area per lipid increases with increasing value of the imposed surface tension, 
forr all the system sizes. Furthermore, the area per lipid at positive or zero surface 
tensionn does not depend on the system size, while if the bilayer is compressed (nega-
tivee values of y), a size dependence of the area is found, and the (projected) area per 
lipidd decreases with increasing system size. For clarity reasons, the projected area per 
lipidd for Nj = 900 and NL = 1600 at the lowest surface tension considered, y = -2, 
aree not shown in figure 3.8, but they were found to be about two times smaller than 
thee value for NL = 400. The reason of these deviations becomes clear by looking at 
instantaneouss snapshots of the two largest bilayers (900 and 1600 lipids) at negative 
valuess of the surface tension, as shown in figure 3.7. In large bilayer patches, like 
thee ones shown in the figure, the lateral compression activates bending modes in 
thee bilayer: the bilayer is not flat anymore, but shows out-of-plane undulations. The 
amplitudee of these undulations increases with increasing system size and with de-
creasingg surface tension. These bending modes are completely suppressed in small 
bilayerr patches of 100 and 200 lipids, and partially suppressed in bilayer patches of 
4000 lipids. Considering that, in most atomistic-detailed molecular dynamics sim-
ulationss of bilayer membranes, the typical number of lipids considered is usually 
smallerr than 200, care must be used when choosing boundary conditions that com-
presss the bilayer. On the other hand, our results suggest that, for stretched or ten-
sionlesss bilayer, small bilayer patches can be considered with no finite-size effects. 
Thiss result partly contradicts the findings of Marrink and Mark [60] discussed in the 
Introductionn to this Chapter. These authors found a system size dependence not only 
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Figuree 3.6: Histograms of the area per lipid AL and corresponding average value of the cal-
culatedd surface tension y (filled circles) in each bin. The three plots refer to a bilayer of 400 
h.3(t.ss )2 lipids with different values of the imposed surface tension: (a) y = -2, (b) y = 0, and 
(c)) y = 2. The values on the graph ordinate refer to y only, while the height of the bins in the 
histogramm is proportional to P(AL), i.e. to the probability distribution of the area per lipid. The 
basiss line of each of the histograms corresponds to the imposed value of y. The average values 
off  the area per lipid, (Ai.), are also reported in the graphs. The error on these values is . 

att negative values of the surface tension, but also for stretched bilayers, and only ten-
sionlesss bilayers were found to display no finite-size effects. It must be pointed out 
thatt the more complex and long range (electrostatic) interactions used in atomistic 
MD,, and not represented in our mesoscopic model, might have an influence on the 
calculationn of the surface tension and on its dependence on system size. 
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Figuree 3.8: Average values of the area per lipid at equilibrium, A|, as function of applied sur-
facee tension y, for bilayer patches of different sizes, i.e. number of lipids N,.. The lines con-
nectingg the symbols are only a guide to the eye. 
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(a)) N, 900 y = - l 

(b)) N, 1 600 Y = ' 

(c)) NL = 90Q y = -2 (d) NL = 160Qy = -2 

Figuree 3.7: Snapshots of the equilibrium configurations of compressed bilayers, i.e. with im-
posedd negative surface tension, y, for two, large, system sizes (number of lipids in the bilayer, 
NL).. (a) N| = 900, and y = - 1 . (b) N,. = 1600, and y - - 1 . (c) NL = 900, and y - 2. (d) 
Ni.. = 1600, and y = - 2. Two periodic images (in the x direction) of each bilayer are shown 
too better display the undulation modes. Note that in (b) the bilayer undulations are in both x 
andd y directions, while in (c) and (d) they are only in the x direction. The lipid headgroups are 
depictedd in black, and the lipid tails in gray, with the terminal tail beads (located in the bilayer 
center)) in darker gray. The water is not shown. 
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AreaArea compressibility 

Fromm the dependence of the area per lipid on the surface tension, the hilayer area 
compressibilityy can be calculated. The bilayer area compressibility K.\ is defined as 
[77] ] 

K A = A ( £ | .. (3.21 

Integratingg equation 3.21 we have 

yy = KA !n-^- (3.22) 

wheree Au is the area at the free energy' minimum, i.e. at zero surface tension. Ex-
pandingg equation 3.22 around At, we obtain a linear dependence of y on A 

Y^^IAY^^IA A0! . (3.23) 
A,, , 

Inn simulation, the area compressibility can be calculated from the above equation, 
eitherr by fixing the area of the bilayer and computing the corresponding surface ten-
sion,, or by imposing the surface tension and calculating the area. In this study we 
usee the latter method. If the area is taken as the dependent variable, then, from 3.23, 
wee have 

A - ^ yy + A0 (3.24) 

Too fit the area as function of y using equation 3.24, we used two approaches. The 
firstt one consists in computing the area at different values of imposed surface ten-
sion,, in the regime were the area dependence on surface tension is linear. We found 
thee behavior of the average projected area per lipid to be linear in the applied sur-
facee tension for values of the tension in the range y= [-0.5,1.5]. The second method 
consistss in considering the spontaneous fluctuations at equilibrium, of both the area 
andd the measured surface tension, in a tensionless bilayer, as computed in the his-
togramm shown in figure 3.6(b). The results of both fitting methods are in very good 
agreement:: in both cases we find KAR;:/k|ïT=20.8 from the slope of the fitted lines. 
Also,, a value of 1.66 R̂  is found as the intercept, which is the same value of the area 
att zero surface tension, A„ , as directly measured from the simulation at y = 0. 

Usingg Rc=6.4633 A and taking k|4T as room temperature, i.e. knT = 4.14 10 -11, we 
cann convert the area compressibility into physical units, resulting in KA == 210 mN7m. 
Thiss value is comparable to the value of the compressibility equal to 300 m \ 7m found 
byy Lindahl and Hdholm [77] in atomistic Ml ) simulations of lipid bilayers, and to 
thee values measured by micropipette aspiration experiments which, for saturated 
phosphatidylcholinee bilayers in the fluid phase, are also in the range 230-240 mN/m 
[78]. . 
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3.55 Conclusio n 

InIn this Chapter we have introduced the definition of surface tension, and we have 
describedd the basic formalism and computational technique to compute pressure 
profiless {i.e. the local values of the pressure) in molecular simulations. 

Wee have discussed the necessity of performing simulations of lipid bilayers in an 
ensemblee where the surface tension is one of the thermodynamic variables that can 
bee controlled. To this purpose, we have developed an efficient MC based scheme to 
imposee a given value of the surface tension, of which the zero value, that corresponds 
too the natural state of tension of unconstrained bilayers, is a particular case. 

Wee have then applied this MC scheme to investigate the dependence of the area 
perr lipid on the value of the applied surface tension and on the system size. We 
observedd that out-of-plane undulations are suppressed in small patches of a com-
pressedpressed bilayer {i.e. negative surface tension), while they are not in larger patches. As 
aa consequence, finite-size effects on the projected area per lipid in compressed bi-
layerss are significant. However, for tetisionless or stretched (positive surface tension) 
bilayerss we do not observe any finite-size effect. 

Wee have also shown that the area per lipid has a linear dependence on the surface 
tensionn for values of the latter close to the free energy minimum, i.e. zero surface ten-
sion.. From this linear dependence the bilayer area compressibility was derived, and 
comparedd with experimental and MD simulation values, as well as with the value 
off  area compressibility derived from the spontaneous area fluctuations at equilib-
riumm in a tensionless bilayer. Good quantitative agreement between these values 
wass found. 
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4.11 Introductio n 

Ann important aspect in coarse-grained (CG) models for lipid bilayers is the level of 
chemicall  and molecular detail chosen to represent the components of the system. 
Thiss choice is determined by the properties one wants to investigate, and on how 
thesee properties depend on the details of the model. In this Chapter we address these 
questionss by studying the effect of modifications in the topology of the bilayer con-
stituentss {i.e. the model lipids) on the structural properties of the bilaver. Examples 
off  lipid characteristics that can be varied in our CG model are the length of the acyl-
chain,, the size of the lipid headgroup, or the chain stiffness. Also, we will consider 
modell  lipids with one or two hydrophobic tails, the latter better resembling a real 
phospholipid. . 

Whilee for some aspects the lack of molecular detail implicit in a simplified rep-
resentationn can be seen as the limitation of CG models, on the other hand it allows 
too identify some general features that might be responsible for the structure and be-
haviorr of phospholipid bilayers. Of particular interest is the characterization of the 
pressuree profile in lipid bilayers. It is well known, both from experiments and simu-
lationss [12,79], that bilayers are very different than simple bulk hydrocarbon/water 
interfaces,, in that they exhibit an internal structure. The lipids are oriented, with the 
headgroupss sticking in the water phase, while the tails extend into the bilayer core, 
andd segments of the lipid chains are located at different depths in the bilayer. This 
"ordering""  of the lipids results in a characteristic, non-uniform, density distribution 
inn the bilayer. This inhomogeneity in the internal structure is also reflected in the 
distributionn of the lateral pressure across the bilayer. 

Structurall  properties of lipid bilayers, such as order parameters, density profiles, 
areaa per lipid, and bilayer thickness, have been extensively studied and determined 
forr a wide range of phospholipids, temperatures and bilayer compositions, both ex-
perimentallyy and by simulations. On the other hand, an exhaustive characterization 
off  the distribution of local pressures in lipid bilayers is still lacking. Since direct ex-
perimentall  measurements of the pressure profile in lipid bilayers are not yet avail-
able,, although some attempts have been reported [80], theoretical models or com-
puterr simulation can be a valuable tool in the investigation of this quantity. 

Mean-fieldd approaches have been applied to the calculation of pressure profiles. 
However,, those approaches are often limited by the fact that they are lattice mod-
els,, in which the headgroups of the lipids have to be constrained at the interface in 
orderr to obtain a bilaver structure. Also, in such models, it is difficult to incorpo-
ratee details of the chemical structure of the lipids. By atomistic molecular dynamics 
(MD),, many more details of the lipid chemistry and topology can be implemented, 
andd their effect on the distribution of pressure can be studied. However, very long 
runss are needed for a sufficient statistical samplings, due to the large fluctuations 
relatedd to this quantity. Also, to date, very few simulations on pressure profiles have 
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beenn reported in literature. 

Lindahll  and Edholm were the first to compute the pressure distribution in an 
atomisticc MI ) simulation of a fully hydrated dipalmitoylphosphatidylcholine (DPPC) 
bilayerr [771. Very recently Gullinsgrud and Schuiten [81 ] reported an extensive MD 
studyy on the effect of changes in the lipid topology on the pressure profiles in lipid 
bilayers,, by considering differences in the lipid headgroup (choline or ethanolamine) 
andd chain unsaturation. The CG approach has also been used to study pressure 
profiles.. Harries and Ben-Shaul in [82] presented a study on the comparison be-
tweenn mean-field calculations and Monte Carlo (MC) simulations of bilayers formed 
byy flexible linear chains of bonded identical spheres interacting with 6-12 Lennard-
Joness potentials. They found good agreement in the shape of the pressure profiles 
calculatedd with the two approaches. Pressure profiles in CG model bilayers were 
computedd by Goetz and Lipowsky [21), Shillcock and Lipowsky [50], and Groot and 
Rabonee [24). In all the cited works, with the exception of [81), the effect of changes in 
thee lipid topology on the shape of the pressure profiles has not been considered, and 
aa systematic study is still lacking. 

Usingg the DPD-CG model and the constant surface tension ensemble introduced 
inn the previous Chapters, we investigate the effect of lipid architecture on the bilayer 
structuree and compare our results with atomistic MD and CG simulations. 

Firstt we describe the structural quantities we use to characterize a bilayer. By 
systematicallyy changing chain length and stiffness of the model lipids, we investi-
gatee how these quantities depend on the lipid architecture. We then characterize 
thee shape of the pressure profile in these different lipid bilayers, and show that the 
distributionn of the pressure across a bilayer can be affected by modifications at spe-
cificc sites in the lipid architecture. Finally, we show that the lateral pressure profile 
inn bilayers of CG lipids with two tails is very similar in shape to the one computed in 
atomisticc MD simulations of phosphatidylicholine bilayers. 

4.22 Structura l quantitie s 

OrientationalOrientational order parameter 

Ann important, and accurately determined property of lipid bilayers, is the orienta-
tionall  order parameter. This order parameter can be directly measured by deuterium 
substitutionn NMR spectroscopy [83], and is given by 

SS - - 3cos"> - 1 (4.1J 

wheree $ is the angle between the orientation of the vector along a given C-H bond 
andd the bilayer normal. In our coarse-grained model, however, the hydrogen atoms 
aree not present, hence we use a different definition. The mathematical expression is 
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thee same as in equation 4.1, but the angle 4) is now defined as the angle between the 
orientationn of the vector along two beads in the chain and the normal to the bilaycr 
plane: : 

cost])cost]) = - — (4.2) 

wheree n is a unit vector normal to the bilayer, and rn r - rs is the vector between 
beadss i and j (r;i = r; j ). The order parameter has value 1 if this vector is on average 
parallell  to the bilayer normal, 0 if the orientation is random, and -0.5 if the bond is 
onn average parallel to the bilayer plane. With this definition of the angle 4>, we can 
computee the order parameter for a vector between any two beads in the lipid. In par-
ticularr we are interested in characterizing the overall order of the chains and the local 
order.. For the first quantity we define the indexes of the vector rl]  in equation 4.2 as: 
ii  = tt l and j = t i , where tu is the last bead in the lipid tail and t] is the first one. We 
calll  Stai| the corresponding order parameter. For the local order we define i - tm . , 
andd j = tm with the index m increasing going toward the tail end, and call the corre-
spondingg order parameter Sm. If m is taken progressively from the headgroup to the 
tail-endd of the molecule, a plot of the corresponding order parameters, Sm, gives an 
indicationn of the persistence of order from the interfacial region to the bilayer core. 

AreaArea per lipid and bilayer thickness 

Thee area per lipid can be experimentally estimated from X-ray or neutron scattering 
[84,, 85], or from the just described lipid order parameter profiles [86]. We compute 
thee area per lipid, AL, by dividing the total bilayer projected area by half the number 
off  lipids in the bilayer, since we find that, on average, there is an equal number of 
lipidss in each monolayer. 

Experimentallyy the bilayer (total) thickness is computed from the peak-to-peak 
headgroupp distance measured by X-ray diffraction. In simulations the same approach 
cann also be used, and the thickness can be computed as the distance between the 
peakss in the density profile. 

Too compute the thickness of the bilayer hydrophobic core, Dc, we consider the av-
eragee distance along the bilayer normal (which we assume to be the z-axis) between 
thee tail bead (or beads in case of double-tail lipids) connected to the headgroup of 
thee lipids in one monolayer and the ones in the opposite monolayer: 

wheree z\ t is the average z position of the first tail beads of the lipids in monolayer i 

( i -- 1.2).' 
Itt is also useful to consider the lipid end-to-end distance, L^., defined as the dis-

tancee between the positions of the first bead(s), r t ] , and the last bead(s) r t „ , of the 
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lipidd tail(s): 

L ww - '  r t „_ - r t ] (4 .4) 

andd its projection, U*e, onto the normal to the bilayer plane: 

Kv=Kv= \Zt„  -2 t, / (4.5) 

wheree the bilayer is taken parallel to the xy-plane. 

Iff  the bilayer consists of two opposing monolayers which are in contact by the 
terminall  carbons in the tails, the area per lipid and bilayer thickness are related by 
Vii  = A| Dc 2, where V| is the volume of one lipid; and the thickness and the (pro-
jected)) end-to-end distance are related by Dc ~ 2L"t,. However, if the two monolayers 
aree interdigitated, the above relations do not hold [86]. For example, for partially in-
terdigitatedd bilayers it wil l be Dc < 2L (̂, and for fully interdigitated bilayers Dc = L[!L,. 

Too investigate the presence of an interdigitated phase we define a measure for the 
extentt of interpenetration of the hydrophobic cores (tails) of the lipids on opposite 
sidess of the bilayer by defining the chain overlap Dnvcr|; ip, as 

2L[?ee - Dc 
uu overlap = j — • ( 4 . 6 ) 

wheree Dc and L"e are defined in equations 4.3 and 4.4, respectively. 

4.33 Computationa l detail s 

Wee first study the structural properties of single-tail lipids, in which we vary the 
lengthh of the hydrophobic tail, the chain stiffness, and the headgroup interaction 
parameter. . 

Alll the studied bilayers consist of 400 lipids, and approximately 5000 water beads, 
withh a total bead density of p = 3. The non-bonded interactions between the beads 
aree represented by the soft repulsion of equation 2.2, with the parameter set derived 
byy Groot in [46] and reported in table 4.3. The reduced temperature was T* = 1, and 
att this temperature all the considered bilayers are in the fluid phase. All the bilayers 

att  j j  vv h t 

ww j 25 15 8Ö~ 
hh j 15 35(15) 80 
tt j 80 80 25 

Tablee 4.1: Repulsion parameters au (see equation 2.2) used in our simulations. Water beads 
aree indicated as w, hydrophilic head beads as h and hydrophobic tail beads as t. The param
eterss are in units of kuT. The value in parenthesis corresponds to a repulsion parameter be
tweenn the headgroups which results in a non interdigitated bilayer (see text). 
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weree first self-assembled from an initial random configuration of the lipids in wa-
ter.. The self-assembly of the bilayers required approximately 10000 DPD steps with 
aa timestep of At = 0.03. To obtain the reference state of zero surface tension, 50000 
hybridd MC-DPD cycles were performed with imposed surface tension y = 0. The bi-
layerr remained the stable state throughout the equilibration run. After equilibration, 
structurall  quantities were computed over 50000 hybrid MC-DPD cycles, with y = 0. 

Too illustrate the lipid nomenclature we will use in the text respect to the tail stiff-
ness,, we consider two consecutive bonds in the lipid tails, i.e. the bonds between 
beadss i — 1,i and i, i + 1. If no bond-bending potential is defined between the bond 
vectors,, bead i wil l be called t, if a bond-bending potential is defined with equilib-
riumm angle 90 = 180°, bead i wil l be called t 'L ' , and if the equilibrium angle is set to 
9oo - 135° {corresponding to a point of cz's-unsaturation) bead i wil l be called t , K ) . 
Figuree 4.1 gives an illustration of this nomenclature. 

135° ° 
180° ° 

Figuree 4.1: Schematic representation to illustrate the nomenclature for the lipid beads used in 
thee text. The head bead is represented by a black particle and is denoted as 'h'. The tail beads 
aree represented by white particles and have different names depending on the presence of a 
bond-bendingg potential. A bead labeled 't" " is the central bead in a bond-bending potential 
withh equilibrium angle 9G - 180", a bead labeled 't K 'is the central bead for a bond-bending 
potentiall  with 9„  = 135", while a bead labeled as 't' does not participate to any bond-bending 
potential. . 

4.44 Result s and discussio n 

4.4.11 Density profiles 

Wee first consider single-tail lipids with chain length of five beads, and study the dif-
ferencess in the bilayer structure between a fully flexible lipid, denoted as ht5, and a 
stifff  one, denoted as ht.,' t. Both these lipids self-assemble in a stable bilayer phase, 
thee internal organization of the bilayer, however, strongly depends on the lipid ar-
chitecture,, as shown in figure 4.2. Some general features of the density distribution, 
suchh as the lipid tails confined in the inner hydrophobic core and the higher density 
att the interfacial region, where headgroups and water pack tightly, are in good qual-
itativee agreement with the packing of a phospholipid bilayer. No water permeation 
inn the bilayer core is observed and a partial overlap of the headgroup with the first 
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Figuree 4.2: Density profiles across the bilayer as function of the distance from the bilayer cen-
terr (z = 0) for two single-tail lipid models: (a) flexible and (b) stiff. The density distribution is 
shownn for water (w, thin solid black line); headgroups (h, thick solid black line); terminal tail 
beadd t„  (thick dot-dashed black line); and the remaining tail beads 11 ,..n i (thick dashed black 
line).. The total density Ptoi (thick solid gray line) is also shown. 

segmentss of the lipid tails is present. These observations are in agreement with MD 
simulationss of hydrated phospholipid bilayers [63,77,87,88]. 

Thee typical electron density profiles in lipid bilayers measured experimentally 
[78,85],, or calculated in atomistic MD simulations [62,89] show a distinct lower den-
sityy in the bilayer center compared with the tightly packed region in the vicinity of 
thee headgroup. Given the coarse-grained nature of our model, and the soft interac-
tionss between the beads, we find a larger overlap of the lipids in the bilayer inner 
coree compared with experimental and MD results. This overlap has different causes 
dependingg on the lipid type. Although always located in the bilayer core, the tail 
beadss have very different distributions in the two bilayers corresponding to the dif-
ferentt lipids. In the bilayer formed by the flexible lipids, the maximum density for 
thee terminal tail bead is in the center of the bilayer, and the total density presents a 
smalll  dip in the bilayer center. This indicates that the two monolayers are not very 
interdigitated.. The distribution of the terminal tail-beads, however, shows that the 
lipidss in the bilayer are very disordered. The lipids can curl, and the terminal tail 
beadss have a non negligible probability to be found near the headgroup region of 
thee monolayer to which they belong. It should be expected that stiff lipids, for which 
theree is an energy barrier to the disordering of the tails, would be more localized. 
However,, as it can be clearly seen from figure 4.2(b), the bilayer of stiff lipids has a 
completelyy different structure in the hydrophobic core compared to the bilayer of 
flexiblee lipids. The terminal tail beads are not located in the midplane region but 
ratherr close to the headgroups of the opposing monolayer, and their density distri-
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butionn presents a clear minimum in the center of the bilayer. This void is filled-in 
byy the non-terminal tails beads, whose density distribution shows a maximum in the 
bilayerr center. This distribution of densities indicates that the stiff bilayer is largely 
interdigitated:: the molecules in one monolayer are not confined on one side of the 
bilayerr midplane, but extend much further into the opposite monolayer. By decreas-
ingg the headgroup repulsion parameter to QHI, = 15 the two monolayers separate, 
ass can be seen from figure 4.3. The interdigitated phase is experimentally known 
too occur in lipid membranes below the melting temperature, although it does not 
spontaneouslyy occur for double-tail lipids with symmetric tails, but it has to be in-
duced,, for example, by changes in the environment or in the molecular structure of 
thee lipids [90,91]. In section 5.2 of Chapter 5, where we compute the phase diagram 
forr single-tail lipids, we will discuss the interdigitated phase in more detail. 

Thee effect of increasing the chain stiffness on the structure of the bilayer can be 
seenn by comparing figure 4.3 with figure 4.2(a). Increasing the chain stiffness de-
creasess the disorder in the lipid tails as it is also shown by the increase in the value 
off  the order parameter S,ai] which is reported in table 4.2. The stiff lipids are more 
alignedd along the bilayer normal, and the terminal tail bead is more localized in the 
bilayerr center, although still with a rather broad distribution. Also, the minimum in 
thee distribution of the other tail beads (dashed line in figures 4.2 and 4.3) at the bi-
layerr center is deeper than in the case of flexible lipids. 

w w 

h h 

'(1....n-1) ) 

t„ „ 
P,o, , 

Figuree 4.3: Density profiles for a bilayer formed of stiff lipids with headgroup repulsion pa-
rameterr dhh = 15. See also caption of figure 4.2. 

Inn table 4.2 we summarize the values of the structural properties of the three different 
bilayerss considered. The bilayers of stiff lipids have a larger hydrophobic thickness 
comparedd to the bilayer of flexible lipids. Note, however, that, despite stiff lipids have 
thee same end-to-end length, because of interdigitation, the bilayer with ahh = 35 has 
aa smaller thickness than the bilayer with ahh = 15. Since the volume occupied by 
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onee lipid molecule is about the same in all cases, the area per lipid of the stiff lipids 
iss smaller than the area of the flexible lipids, and the area in the interdigitated bilaver 
iss larger than in the stiff but non-interdigitated one. 

lipi dd type 
ht55 (ahh 

lit, 11 t (ahh 

ht4'' ' t (ahh 

== 35) 
==  35) 

-15) ) 

Stail l 

0.22 1 
0.44 1 

0.44 1 

Dc c 

5 5 
7 7 

0 0 

0.99  0.03 
2.04  0.04 

2.08  0.03 

A, , 
2 2 
2 2 

2 2 

Tablee 4.2: Values of bilaver structural properties as function of lipid type. 

4.4.22 Effec t of chai n lengt h 

Byy varying the number of beads in the tail of the lipids we can investigate the effect of 
chainn length on the bilaver structural properties. We consider flexible and stiff lipid 
withh hydrophobic chain lengths of 5,6,7,8, and 9 beads. 

Thee dependence of bilaver area and thickness on the lipid hydrophobic chain 
lengthh has been investigated by Petrache and co-workers (92] in a 2H NMR spec-
troscopyy study of saturated phosphocholines (PC). These authors found that, at fixed 
temperature,, the area per lipid slightly decreases with increasing acyl-chain length. 
Thee main effect of increasing chain length is on the bilayer thickness which increases 
withh increasing number of hydrophobic segments in the tail. 

Figuree 4.4 shows our results on the dependence of the area per lipid and the bi-
layerr hydrophobic thickness on lipid chain length for the fully flexible lipids and the 
stifff  ones with the two headgroup repulsion parameters (ahh = 15 and Q|lh - 35). 

Inn the case of the flexible model, the areaa per lipid increases with increasing chain 
length.. This behavior does not reproduce the experimental observed trend. With the 
additionn of chain stiffness, however, the area per lipid for a non-interdigitated bilayer 
iss slightly decreasing with increasing chain length, in agreement with the results in 
[92];; while it is approximately constant for the interdigitated bilayer. 

Thee decrease in area for longer lipids is due to an increase of the effective pack-
ingg interactions between the tails. In the case of flexible lipids this effect is counter-
balancedd by the entropie effect that disorders the tails, leading to an increase in the 
chainn cross sectional area with increasing chain length. As a consequence of the 
largerr cross sectional area, at fixed chain length, the bilayer thickness for flexible 
lipidss is smaller than the thickness for stiff lipids. The increase in bilayer thickness 
withh increasing chain length is in agreement with the results of Petrache et al [92]. 

4.4.33 Latera l pressur e profile s in tensionles s bilayer s 

Inn this section we discuss the shape of the lateral pressure profile in tensionless bilay-
ers.. We use the definition of the lateral pressure as given in equation 3.13 of Chapter 
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Figuree 4.4: Effect of the lipid topology (stiffness, chain length, and headgroup interaction) on 
thee bilayer structural properties: (a) average area per lipid, A] , and (b) bilayer hydrophobic 
thickness,, Dc. The data refer to flexible chains (full circles), stiff chains in a non interdigitated 
bilayerr (full triangles), and stiff chains in an interdigitated bilayer (open squares). The lines are 
onlyy a guide to the eye. For the thickness the error bars are smaller than the symbols size. 

3,, i.e. 7T(Z) = [PT_(Z) - PT(Z)]I where Pi_(z) and PN(Z) are the lateral and normal com-
ponentss of the pressure tensor at position z. 

Too better describe and understand the distribution of lateral pressure, we find it 
convenientt to divide the system in four regions which define three main interfaces, 
ass illustrated in figure 4.5. A similar approach has been proposed earlier by Marrink 
andd Berendsen [93] to describe permeation of water through a lipid membrane stud-
iedd with MD. The three main interfacial regions are: the water/headgroups interface 
(WHH interface), the headgroups/tails interface (HT interface), and the bilayer center 
(midplaneMP). . 

Wee investigate the effect of several lipid characteristics on the distribution of the 
pressuree profile. Namely: 

•• the effect of chain stiffness, by comparing flexible and stiff lipids; 

•• the effect of chain packing, by comparing stiff interdigitated and not interdigi
tatedd bilayers; 

•• the effect of changes in the head group, by comparing the two repulsion pa
rameterss used in the stiff lipids; 

•• the effect of tail length; 

•• the effect of changes in the lipid structure at specific positions along the chain. 

Wee start by comparing the model lipids considered in the previous section. The 
laterall pressure profiles for the three different bilayers are plotted in figure 4.6. The 
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Figuree 4.5: Schematic representation of the four regions and three interfaces used in the text 
too characterize the lateral pressure distribution in a lipid bilayer. The three interfaces are the 
water/headgroupss interface (WH), the headgroups/tails interface (Iff ) and the interface be-
tweenn the two opposing monolayers at the bilayer midplane (MP). The arrows represent the 
direction,, and indicative magnitude, of the lateral pressure. 

contributionss to the lateral pressure from different potentials (non-bonded, spring 
andd angles) are also shown. For all lipid types a positive maximum in the pressure 
profilee characterizes the region at the WH interface. The positive lateral pressure in-
dicatess that the net force in this region tends to expand the interface, due to steric 
effectss and hydration of the headgroups by the water. The height of this maximum 
iss larger for stiff lipids compared to flexible ones, and between the two stiff types 
thee maximum is higher in the case of the interdigitated bilayer, as a consequence of 
thee higher value of the headgroup repulsion parameter. At the HT interface there 
iss a strong inward (negative) pressure as the system attempts to limi t the contact 
betweenn water and hydrophobic tails. The depth of this minimum shows the same 
trendd as the height of the maximum at the WH interface; i.e. it is deeper for stiff lipids, 
andd slightly deeper in the interdigitated bilayer compared to the non interdigitated 
one,, but broader in the latter case. It is interesting to observe that the contributions 
too both the described peaks arise mainly from the non-bonded and spring interac-
tions.. At the sides of the box the tension goes to zero indicating that water in these 
regionss has the characteristics of a bulk fluid, and that the bilayer is completely hy-
drated. . 

Thee presence of the maximum at the WH interface and the minimum at the HT 
interfacee are characteristics of the pressure profiles also observed in the atomistic 
MDD simulations of Lindahl and Edholm [77] (see also figure 4.11(b)) and Gullingsrud 
andd Schuiten (81 ]. Such characteristics are also observed in the CG Lennard-Jones 
modelss of Groot and Rabone [24] and DPD models of Goetz and Lipowsky [21] and 
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Figuree 4.6: Lateral pressure profile n(z) = pL(z) - pT(z), and contributions from the different 
interr and intra molecular potentials as function of the distance from the bilayer center z = 0. 
Thee figures refer to bilayers of fully flexible lipids (top), stiff lipids with headgroup repulsion 
parameterr ahh = 15 (middle), and stiff lipids with headgroup repulsion parameter ahh = 35 
(bottom).. The density profiles p(z) for water (w), head (h), and tail (t) beads, as well as the 
totall  density, have been plotted in the same graphs to make clear the location of the maxima 
andd minima of the pressure profile within the bilayer. The interfaces described in the text and 
shownn in figure 4.5 are also indicated. The density profiles have been rescaled to adjust to the 
pressuree scale. 
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Shillcockk and Lipowsky [50]. Another common characteristic of the pressure profile 
whichh was found in the atomistic and CG simulations, and that we also observe in 
ourr simulations, is that the absolute value of the peak at HT interface is larger than 
thee one at the WH interface. These similarities in the pressure profiles arise despite 
thee different forces and parameters used in the simulations. For example, Lindahl 
andd Edholm [77] show that the minimum at the HT interface is mainly due to elec-
trostaticc interactions, which are not present in our model nor in the CG models in 
thee cited references. It is also worth commenting that Goetz and Lipowsky [21] and 
Shillcockk and Lipowsky [50] consider bilayers of single tail lipids (CG Lennard-Jones 
MDD and CG-DPD, respectively) like the ones we use here, while the results of Lindahl 
andd Edholm [77], Gullingsrud and Schuiten [81] and Groot and Rabone [24] refer to 
doublee tail lipids (atomistic and CG-DPD, respectively). It is remarkable that differ-
entt lipid topology, potentials, and parameterizations, produce the same shape of the 
pressuree profiles. This suggests that the distribution of lateral pressure is more sen-
sitivee to the local densities and structure of the interfaces, rather than to the details 
off  the forces or of the model. 

Thee major difference between the flexible and stiff lipids considered here is in the 
hydrophobicc core of the bilayer. A common feature is that the lateral pressure in this 
regionn is positive, showing that an outward pressure is compensating for the inward 
pressuree at the HT interface, and that the chains tend to expand the bilayer. How-
ever,, the local structure of the pressure profile depends on the lipid characteristics. 
Forr flexible lipids first a local maximum and then a local minimum at the center of 
thee bilayer (z=0, MP interface) are present. The local minimum at the bilayer cen-
terr corresponds to the region where the two monolayers are in contact, and where 
thee density of the tail beads is lower. The shape of the pressure profile for the flex-
iblee bilayer looks very similar to the ones obtained by Goetz and Lipowsky [21] and 
Shillcockk and Lipowsky [50] using MD and DPD simulations of coarse-grained lipids, 
despitee the fact that their results refer to stiff (via bond-bending potentials) lipids. In 
ourr case, in the bilayer of stiff lipids the pressure profile increases monotonously to 
aa large positive maximum in the bilayer center, which is higher in the non interdigi-
tatedd bilayer. This is likely due to the fact that, because of interdigitation, the chains 
aree more tightly and orderly packed. As a consequence of this packing order, the 
thermall  collisions, which generate the outward pressure, are damped compared to 
thee the case of a non interdigitated, albeit stiff, bilayer. 

Itt is interesting to observe (figures 4.6(d) and 4.6(f)) that, although the additional 
stiffnesss gives a negative contribution to the total lateral pressure, at the same time 
thee contribution from the spring potential becomes more positive than in the case of 
flexiblee lipids. The net effect of these interactions is an increase in the values of the 
locall  pressure. The more positive values of the contribution from the spring potential 
aree due to the fact that stiff lipids have a larger end-to-end distance compared to 
flexiblee ones, hence the bonds along the chain are more stretched. 



50 0 Structurall characterization of iipid bilayers 

EffectEffect of chain length 

Inn figure 4.7 we compare the pressure profile for flexible and stiff (interdigitated) 
lipidss of different chain lengths. We observe that in both cases with increasing chain 
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Figuree 4.7: Pressure profile as function of the distance z from the bilayer center (z = 0) for 
flexiblee (a) and stiff (b) lipids with different hydrophobic chain length (n=5,7,9). 

length,, the first maximum (WH interface) decreases in depth while the first mini-
mumm (HT interface) increases, to ensure that the integral of the pressure profile (i.e. 
thee total surface tension) remains zero. The width of both these peaks remains the 
samee for different chain lengths since the interfacial regions to which they corre-
spondd is not chain length dependent. The pressure profile in the inner hydrophobic 
partt of the bilayer is instead chain length dependent; the longer the hydrophobic 
sectionn of the lipids, the broader the corresponding pressure profile. This is a con-
sequencee of the increase in hydrophobic thickness with increasing chain length. For 
thee bilayer to be stable, the net outward pressure in the inner core should balance 
thee net inward pressure at the interface. Since the latter, as we have seen, is not 
chainn length dependent, in a thicker bilayer the pressure should be more broadly 
distributed.. This effect is more pronounced in the case of the stiff lipids for which 
theree is a larger increase of thickness with increasing chain length than in the case 
off  the flexible bilayer. The spreading of the pressure with increasing chain length, 
ass well as the almost constant width of the peaks at the interfacial region, are trends 
whichh are also observed in the mean-field calculations of Cantor [94, 95]. This au-
thorr used a mean-field statistical thermodynamic theory on a lattice model to de-
scribee the chain conformational contributions to the free energy, and calculated the 
equilibriumm properties and lateral pressure profiles in lipid bilayers as function of 
lipidd composition. Cantor predicted that large redistributions of lateral pressure can 
bee induced by variations in the lipid chain length and in the degree and position of 
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chainn unsaturation, as well as by changes in the headgroup repulsion. 

EffectEffect of local changes in the lipid chain 

Too investigate if the effect of a modification in the lipid architecture on the distribu-
tionn of the pressure profile depends on the position of the change along the chain, 
wee compare fully flexible lipids with flexible lipids in which a bond-bending poten-
tiall  with equilibrium angle 0O == 180° is introduced either close to the headgroup 
(ht': L l tnn i) or toward the end of the tail (fit n i t ' t ) . We also compare stiff lipids with 
lipidss in which a kink is introduced either between the first two bonds (fit K tn_ 2t), 
orr the last two bonds of the chain (ht^1

 2t | K l t ) . In both cases short lipids with n = 5 
taill  beads and long ones with n 9 tail beads are studied. 

Thee effect of a local stiffness in the bilayer of flexible amphiphiles of short and 
longg chains is shown in figure 4.8. From these plots it can be observed that an in-
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Figuree 4.8: Pressure profile, n{z), as function of the distance z from the bilayer center (z=0). 
Fullyy flexible lipids and lipids with a stiffness near the headgroup or at the tail end are com-
paredd for (a) short lipids with 5 tail beads, and (b) long lipids with 9 tail beads. 

creasedd stiffness at the tai l -end does not significantly change the pressure profile, in 

bo thh cases of long and short l ipids. However, if the stiffness is close to the head group 

wee observe a larger effect. The m a x i m um at the WH interface increases in magn i-

tudee and the m i n i m um at the HT interface deepens compared to full y flexible l ipids. 

Also,, the first max imum in the hydrophob ic core increases in height, while the cen-

trall  m i n i m um does not change. The stiffness reduces the disorder of the tails and the 

headg roupss pack more tightly, increasing the densi ty at the interface and in the first 

regionn of the hydrophob ic core. The higher densi ty results in an increase of the lateral 

pressuress in these regions, but since the effect is local, it does not p ropagate as far as 

thee midp lane. On the other hand, an increase in stiffness in the m idp lane region, 
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wheree the tails are already very disordered, does not change the packing structure of 
thee bilayer and has no effect on the pressure profile. 

Ass in the case of flexible lipids, a modification in the tail end of stiff lipids (figure 
4.9)) does not change the pressure profile, while a kink near the headgroup has a large 
effect.. It is interesting to note that, while for flexible lipids the main effect is in the 
interfaciall  region, for stiff lipids the main effect is in the hydrophobic core. This dif-
ferencee can be easily explained. The considered bilayers formed by stiff, linear lipids, 
aree largely interdigitated, and interdigitated bilayers are more compact and ordered 
thann bilayers formed by flexible lipids. A kink near the lipids headgroup destabilizes 
thee interfacial region, decreasing the extent of interdigitation and increasing the dis-
orderr in the terminal region of the hydrophobic chains. This leads to a pressure pro-
filefile  more similar to the one of fully flexible chains, with a minimum of the lateral 
pressuree at the bilayer center. It is interesting to note that this effect is larger for the 
shorterr chain. 

Ourr results are in general agreement with the mean field calculations of Cantor 
[94].. In [94] the effects of unsaturated bonds was studied by imposing a preference 
forr a 90° angle between three subsequent sites compared to 180° used for a saturated 
chain.. Also Cantor found that the largest changes in the lateral pressure distribution 
aree obtained by modifications in the lipid topology close to the head group, and that 
thee changes are more pronounced in short chains than in long ones. 
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Figuree 4.9: Pressure profile, n(z), as function of the distance z from the bilayer center (z=0). 
Stifff  lipids and lipids with a kink near the headgroup or at the tail end are compared for (a) 
shortt lipids with 5 tail beads, and (b) long lipids with 9 tail beads. 
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4.4.44 Double-tail lipids 

Wee have so far investigated the structure of bilayers formed by single-tail lipids. We 
havee shown that lipid stiffness is an important characteristics in order to reproduce 
thee bilayer structure and lipid chain order as displayed in phospholipid bilayers. Fur-
thermore,, we have shown that by tuning the interaction parameter between the lipid 
headgroupss we obtain either an interdigitated or a non interdigitated bilayer. To 
furtherr investigate the dependence of the bilayer structure on the lipid topology we 
cann increase the complexity of the model by considering model lipids with two hy-
drophobicc tails. We will focus the study to lipids with two symmetric tails, i.e. two 
tailss consisting of the same number of hydrophilic beads. 

Heree we consider the lipid denoted as h3(t5)2, i.e. with three head-beads and 
twoo tails of five hydrophobic beads each, as already described in the previous Chap-
ters.. The lipid tails are made stiffer by introducing a bond-bending potential be-
tweenn each consecutive bond, with bending constant Ke = 6 and equilibrium angle 
800 = 180°. An extra bond-bending potential is defined between the bonds connect-
ingg the two lipid tails to the headgroup, with Ke = 3 and 9U = 90°. We considered a 
bilayerr of 400 lipids, at the condition of zero surface tension, and in the fluid phase. 

Inn figure 4.10 we compare the density distribution in the bilayer of double-tail 
lipidss (black lines) with the density distribution in the bilayer of stiff, single-tail lipids 
(grayy lines), with five tail beads, and the headgroup repulsion parameter for which 
thee bilayer is not interdigitated. 
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Figuree 4.10: Density distribution in bilayers of single-tail lipids (gray lines) and double-tail 
lipidss (black-lines). The black dashed lines are the density of each of the three head-beads of 
thee double-tail lipid. 

AA noticeable difference between the two bilayers is at the WH interface, where in 
thee case of the double-tail lipids the density of water shows a small plateau, which is 
nott present in the case of single-tail lipids. This plateau corresponds to a thicker re-

22 0 2 4 
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gionn where the lipid headgroup are hydrated by the water, and is due to the fact that 
double-taill  lipids have a larger headgroup (three beads) respect to the one of single-
taill  lipids (one bead). Also, at the HT interface the total density shows more marked 
minimaa in the case of double-tail lipids, and a small difference between the two bi-
layerss is observed in the bilayer hydrophobic core where the total density of the tail 
beadss is slightly larger for the single tail lipids. A remarkable fact is that, despite the 
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Figuree 4.11: Figure (a) shows the lateral pressure profile distribution in a bilayer of single-
taill  lipids (gray line) and a bilayer of double-tail lipids (black) line. In figure (b) the pressure 
profilee from atomistic MD simulations of a DPPC bilayer is shown. Figure (b) is reproduced 
fromm reference [77] with kind permission of the authors. 

differencess in the density profiles of the two bilayers being not too large, the distri-
butionn of lateral pressure in the double-tail lipid bilayer is very different compared 
withh the single-tail lipid bilayer, as shown in figure 4.11 (a). In the case of double-tail 
lipids,, the peaks at the WH and HT interface become more pronounced, indicating 
thatt the lipids are more densely packed. Also, because of the larger headgroup size 
off  the double-tail lipids, the peak at the WH interface broadens. The central peak 
(att the bilayer midplane) decreases in size, due to the lower density in the bilayer 
center.. Most noticeably, we observe the appearance of two secondary peaks at the 
edgee of the hydrophobic core, which are not present in the case of the single-tail 
lipids.. These peaks correspond to the region of maximum density for the tail beads 
(excludedd the terminal one). This shape of the pressure profile is remarkably sim-
ilarr to the one calculated by Lindahl and Edholm in atomistic MD simulations of a 
dipalmitoylphosphatidylcholinee bilayer [77], and shown in figure 4.11(b). 

Inn Chapter 2 we have shown that, if a DPD bead is chosen to represent three 
methyll  groups, the lipid h3(t5)2 can be mapped onto the DMPC phospholipid. The 
structuree of DPPC is very similar to the one of DMPC, both having a phosphocholine 
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headgroupp and two saturated hydrocarbon chains, with DPPC having 16 carbons in 
eachh tail, and DMPC 14. This result indicates that the coarse-grained model we have 
developedd for double-tail lipids well reproduces the distribution of pressure in a bi-
layerr of saturated phosphocholines. However, care must be used in such a conclu-
sion.. We want to point out that, given the differences between the atomistic and the 
CGG representations, and the different way in which the inter-and intra-molecular in-
teractionss are implemented in the two models, the remarkable similarity between the 
pressuree profiles in the two model might be fortuitous. To further address this issue, 
itt would be interesting to compare in a more systematic way pressure profiles calcu-
latedd from MD and CG simulations. Unfortunately, the published pressure profiles 
il ll  lipid bilayers from MD simulations are still very few. 
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5.11 Introductio n 

Ass we have discussed in the previous Chapter, an important question in the develop-
mentt of a mesoscopic model is how much chemical detail should be included in the 
model.. We have described in some detail the structural characteristics of bilayers of 
single-taill  lipids. In this Chapter, we investigate if such a model correctly describes 
thee (phase) behavior of double tail phospholipids, and we compare the results of our 
simulationss with experiments that are performed on single-tail lipids. 

Inn the second part of this Chapter we increase the complexity of the model lipids, 
byy studying the phase behavior of a double-tail lipid with three hydrophilic head-
beadss and five hydrophobic beads in each of the tails. Furthermore, we show that 
aa correspondence can be made between reduced and physical temperature. With 
thiss mapping, and the mapping of reduced length scales onto physical lengths, the 
typicall  bilayer characteristics, like the area per lipid and bilayer thickness, computed 
inn the simulations are found to be in good quantitative agreement with experimental 
results.. In particular, we show that this lipid model correctly reproduces the phase 
behaviorr of dimyristoylphosphatidylcholine (DMPC) lipid bilayers. 

Thee phase behavior of different phosphocholines (PC's) has been determined ex-
perimentallyy (see [96] for a review). All PC's have a low temperature Lp< phase (see 
figurefigure 5.1(a)). In this phase the bilayer is a gel: the chains of the phospholipids are 
orderedd and show a til t relative to the bilayer normal. At higher temperature the La 

phasee is the stable phase. This phase is the liquid crystalline state of the bilayer in 
whichh the chains are disordered and tail overlap due to this thermal disorder is pos-
sible.. This phase is physiologically the most relevant [97]. 

(a)Lp// (WPp, (c)L« (d)L|M 

Figuree 5.1: Schematic drawings of the various bilayer phases. The characteristics of these 
phasess are explained in the text. The filled circles represent the hydrophilic headgroup of a 
phospholipidd and the lines represent the hydrophobic tails. 

Underr normal conditions the two monolayers of a bilayer contact each other 
att the terminal methyl group of their hydrophobic chains, while their hydrophilic 
headgroupss are in contact with water. However, it is known experimentally that at 
loww temperatures an interdigitated state, in which the terminal methyl groups of 
onee monolayer interpenetrate the opposing layer, is also possible. This Lpi phase 
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doess not spontaneously form in bilayers of symmetrical chain phospholipids, like 
dipalmitoylphosphatidylcholiness (DPPQ, [98] but can be induced by changes in the 
environment,, like hydrostatic pressure or changes in the pH of the solution [99], or 
byy incorporation, at the membrane interface of small amphophilic molecules, like 
alcoholss 190, 100, 101], or anesthetics [102]. Interdigitation can also be induced by 
changess in the lipid structure, for example by introducing an ester-linkage in the 
headgroupp of the phospholipids [103,104]. 

Interdigitationn reduces the bilayer thickness, and this can, for example, affect the 
diffusionn of ions across the bilayer or influence the activity of membrane proteins. It 
hass been proposed [91,99] that specific interactions are not important in the forma-
tionn of an interdigitated phase, and that the main driving force that induces interdig-
itationn is an increase in the headgroup surface area, which results in the creation of 
voidss between the molecules. Since voids in the bilayer core are energetically unfa-
vorable,, they are filled up by molecules of the opposite monolayer. 

Thiss mechanism suggests that the formation of an interdigitated phase should be 
aa general phenomenon. This would imply that an interdigitated phase could also 
bee induced in bilayers of, for example, single-tail lipids. The fact that for single-tail 
lipidss the interdigitated phase has not been observed experimentally, is one of the 
motivationss to investigate the molecular aspects underlying the formation of an in-
terdigitatedd phase in more detail. 

Ourr simulations correctly describe the hydrophobic tail length dependence of 
thiss transition and the effect of adding salt. In addition, the simulations predict that 
bothh the interdigitated and non-interdigitated phases can be formed in systems with 
single-taill  lipids. Conversely, we do not find any spontaneous interdigitation is bilay-
erss of double-tail lipids. 

5.22 Single-tai l lipi d bilayer s 

5.2.11 Computationa l detail s 

Inn this investigation we consider lipids with one head segment connected to a single 
taill  with variable length (see figure 5.2J. Two consecutive beads are connected by 
harmonicc springs with spring constant Kr = 100 and r„  = Q.7. A harmonic bond 
bendingg potential between three consecutive beads is added with a bending constant 
Kee ~ 10 and an equilibrium angle Qc = 180"'. 
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ht,, t ooooc 
Figuree 5.2: Schematic drawing of the model lipids used in this study with their nomenclature. 
Thee black particles represent the head beads and the white particles the tail beads. 

Thee repulsion parameters used are aww = au = 25, awh = 15, and awt = 80 (see 
equationn 2.2, Chapter 2). In addition, we vary the head-head interaction parameter 
(u.hh)) to study the effect of changing the interactions between the hydrophilic seg
mentss of a lipid. In a real system the head-head interactions can be changed by, for 
example,, adding salt to the system. 

Alll our simulations are performed on tensionless bilayers of 200 lipids. The total 
numberr of particles was 3500. The overall density of the system is p = 3. We initialize 
ourr system by distributing lipids randomly in water and we observe the self-assembly 
off a bilayer using DPD simulation only. After the bilayer is formed, we perform, in ad
ditionn to the DPD moves, Monte Carlo moves in which we change the area as well. 
AA typical simulation required 100,000 cycles of which 20,000 cycles were needed for 
equilibration.. All the results are expressed in the usual reduced units, i.e. using Rc as 
thee unit of length and kBT0 = 1, with T0 room temperature, as unit of the energy. In 
thee following we will denote as T* the temperature expressed in this unit. 

5.2.22 Results and Discussion 

Inn this section we first describe in detail the different phases of a bilayer formed by 
singlee tail lipids consisting of one head bead and nine tail beads (ht9), which we study 
att different reduced temperatures, from T" = 0.8 to T' = 1.5. At a fixed head-head re
pulsionn of ahi, = 35 an interdigitated gel phase is formed at low temperatures, while 
att ahh = 15 the non-interdigitated Lp phase is formed. We then investigate the in
fluencee of changing the interactions between the headgroups and we show that we 
obtainn the non-interdigitated Lp phase or the interdigitated Lpj phase dependent on 
thee head-head repulsion parameter (see figure 5.3). Finally, we investigate the influ
encee of tail length and we compare our results with experimental data on single-tail 
lipids. . 
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Figuree 5.3: Computed phase diagram of the lipid ht« as function of head-head repulsion pa-
rameterr ahh and reduced temperature T*. At high values of the head-head repulsion parame-
terss the interdigitated Lg] phase is formed, while at low values the non-interdigitated L,; phase 
iss formed. Increasing temperature causes the melting of the bilayer to the L1X phase. 

TheThe lipid ht o 

Head-headHead-head repulsion ahh = 35 

Inn figure 5.4 the average area per lipid A| and the bilayer thickness, Dc, are plotted as 
functionn of temperature. The error bars have been calculated with the block averages 
methodd [76,105]. In all the other plots of the area per lipid or bilayer thickness, we 
wil ll  not include error bars, which, however, have been estimated as < 5%. 

0.95 5 

(a) ) 

1.66 0.8 10 1.2 1.4 1.6 

b) ) 

Figuree 5.4: Area per lipid Ai. and (b) bilayer thickness Dc- as function of reduced temperature 
T""  for lipid type ht?. 
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Inn both figures 5.4(a) and 5.4(b) we can distinguish two regions: at low tempera-
tures,, the area per lipid decreases with increasing temperature and the thickness is 
increasing,, while at high temperatures the area is increasing with increasing temper-
ature,, and the thickness is decreasing. At the lowest temperature studied (T' = 0.8) 
thee area is larger than the area at the highest temperature studied (T*  = 1.5) while 
thee thickness at T' = 0.8 is smaller than the thickness at T" = 1.5. This different 
temperaturee dependence of AL and Dc suggests that the bilayer undergoes a phase 
transition.. Before discussing this transition in detail we will first characterize the low 
andd the high temperature phases. 

Too characterize the ordering of the lipids in the bilayer we use the order parame-
terss Staj] and Sn. In figure 5.5 the values of both Stan andSn are plotted as a function of 
temperature.. The high values of Sn at temperatures below J' = 0.95 indicate that the 
bondss are ordered along the bilayer normal. This order persists even for bonds far 
fromm the head-group region, decreasing slightly with increasing temperature. Above 
T""  = 0.95 the values of Sn further decrease with increasing temperature, and the or-
derr along the chain is lost. 
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Figuree 5.5: (a) Local order parameter Sn and (b) tail order parameter Stau, as function of re
ducedd temperature T". 

Thee overall order of the tails (Stai|) shows a similar behavior (figure 5.5(b)). Also 
heree we can distinguish two regions: below T* = 0.95 where Stail has values higher 
thann 0.5 indicating that the chains are ordered along the bilayer normal, and above 
T** = 0.95 where the values of Slai] decrease below 0.5, showing an increase in the 
disorderr of the chains. 

Too further characterize the structure of the bilayer in the low and high tempera
turee regions, we compare in figure 5.6 the in-plane radial distribution function g(r) of 
thee head beads of the lipids at one interface, for two different temperatures: T* = 0.8 
andd T* = 1.5.At J" = 0.8, the radial distribution function shows more pronounced 
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peakss compared to the g(r) at T*  — 1.5, which corresponds to a more structured or-
ganizationn of the lipids headgroups in the bilayer plane. The structure in the radial 
distributionn function and the high values of the order parameters for low tempera-
tures,, suggest that the low temperature phase is the ordered gel phase, while at high 
temperaturess the bilayer is in the disordered liquid crystalline phase. 

l.b b 

1.0 0 

oi i 

0.5 5 

0.0 0 
0.00 1.0 2.0 3.0 4.0 5.0 

r r 

Figuree 5.6: Two dimensional radial distribution function g (r) in the bilayer plane for the head-
groupss at T*  = 0.8 and T*  = 1.5. 

Inn figure 5.7 we show the density profiles in the direction normal to the bilayer for 
thee system components at different reduced temperatures. Figures 5.7(a) and 5.7(b) 
correspondd to a bilayer in the gel phase, while 5.7(c) and 5.7(d) correspond to a bi-
layerr in the liquid crystalline phase. It is clearly visible that, in the low temperature 
region,, the two monolayers are interdigitated. At T' = 0.8, the overlap extends up to 
thee 8t h bead in the tail and the peaks of the density profiles for the lipids tail beads in 
onee monolayer (black full lines) are exactly alternating with the peaks of the opposite 
monolayerr (gray full lines), showing an optimal packing of the tails. This structure re-
sembless the experimentally observed interdigitated phase Lpi. 

Wee can now explain the temperature dependence of the area per lipid (figure 5.4). 
Thee low temperature phase is the interdigitated gel Lpi. In this phase the ordering 
off  the chains is the dominating effect. The lipids stretch out in the direction nor-
mall  to the bilayer, inducing interdigitation. This packing results in a larger average 
distancee between the lipids headgroups in each monolayer and in a larger area. In 
thiss region an increase of temperature reduces the values of the order parameter (fig-
uree 5.5(b)), but along the chain the order persists (figure 5.5(a)). Thus interdigita-
tionn is still present, but is decreasing in depth, resulting in an increase of the bilayer 
thicknesss and a decrease of the area per lipid. Above the transition temperature, the 
chainss loose the persisting order and are not interdigitated. Only the terminal tail 
beadss overlap, due to thermal disorder. In this temperature region an increase in 
temperaturee increases the effective volume occupied by the molecules, but the ex-
tentt of tail overlap does not depend significantly of temperature. As a result the area 
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(a)) (b) 

(c)) (d) 

Figuree 5.7: Density profiles pizi along the bilayer normal z for different reduced temperatures 
T'.. Hach line is the density profile for a different bead: full lines are the densities of the tail 
beads,, dashed lines are the densities of the head beads, and the thin solid line is the density 
off  water. The black lines correspond to the lipids in one monolayer, while the gray lines cor-
respondd to the lipids in the opposite monolayer. The big dots correspond to the maxima in 
thee bead density distributions and illustrate the position of the beads in the bilayer. The full 
circless correspond to tail beads and the open circles to head beads. 
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perr molecule increases while the bilayer thickness decreases. 

Head-headHead-head repulsion ahh = 15 

Inn the previous section we have seen that single tail lipids spontaneously form an 
interdigitatedd phase at low temperatures, while the most common organization of 
(symmetric)) phospholipids in membranes is a bilayer formed by two separate mono-
layerss [106]. It is therefore interesting to investigate whether we can adapt the single 
taill  model to reproduce the phase behavior of real membranes, and in particular if we 
aree able to obtain a non-interdigitated gel phase. If the main cause of interdigitation 
iss an increase in the head-groups surface area [91, 99], we can test this mechanism 
byy changing the value of the head-group repulsion parameter, Qhh» in our model. 
Takingg as initial condition the interdigitated bilayer at T' = 0.85, we decrease the 
head-groupp repulsion parameter from ahh = 35 to ahh = 15, the latter being the same 
repulsionn parameter as between an hydrophilic bead and a water-bead. Experimen-
tally,, changing the head-head interactions corresponds to, for example, adding salt 
too the system. It is important to recall that, with the zero surface tension scheme, the 
systemm can evolve to the optimum area per lipid even if the bilayer undergoes struc-
turall  rearrangements. 
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Figuree 5.8: Comparison of (a) the area per lipid A i as function of reduced temperature T*, and 
(b)) two dimension radial distribution function g(r) in the plane of the bilayer at T*  = 0.85, for 
twoo different repulsion parameters between the lipid headgroups: ahh = 15 (circles, solid line) 
andd Q|,h = 35 (squares, dashed line). 

Figuree 5.8(a) shows the temperature dependence of the area per lipid for the re-
pulsionn parameters ahh = 35 and ahh = 15. We observe that the behavior in tempera-
turee of the area per lipid for the two values of ahh is very different. At low temperatures 
thee area at Qhh = 35 is almost twice the value of the area at Qhh = 15. The decrease 
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off  the head-group surface area is also shown in figure 5.8(b), where we compare the 
radiall  distribution functions of the headgroups in the bilayer plane at T*  = 0.85 (see 
alsoo figure 5.9 for snapshots of the two systems). The peaks in the radial distribution 
functionn for the system with ahll = 15 (solid line) are shifted to the left compared to 
thee system with ahh = 35 (dashed line), showing a decrease of the distance between 
thee headgroups. This is a strong indication that at low temperature, with the lower 
repulsionn parameter, the bilayer is in the Lp phase. 

(a)) (b) 

Figuree 5.9: Snapshots of the simulations of a bilayer consisting of the lipid ht° at T' = 0.85. 
(a)) The non-interdigitated gel phase Lp at ahh = 15 and (b) the interdigitated gel phase L,; at 
ahhh = 15. Black represents the hydrophilic headgroup and gray represents the hydrophobic 
tails. . 
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Figuree 5.10: (a) Local order parameter S„  and (b) tail order parameter Stan, as function of 
reducedd temperature T" for a bilayer formed by lipids with ahh 1 5. 

Too further characterize the bilayer structure for ühh = 15, we study the order pa-
rameterss Snand Staiii which are plotted in figure 5.10. At temperatures T' < 0.95 the 
chainss are locally ordered (values of Sn above 0.5), and the order does not decrease 
significantlyy going through the hydrophobic core. Also the overall order of the chains 
Stai]]  is high in this temperature region. Above T* = 0.95 we observe a decrease in both 

(a) ) 
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thee order parameters. The chains become disordered and the persistence of order 
alongg the chain is lost. This trend is analogous to the one observed for ahh = 35. In 
bothh cases the low temperature region is characterized by the ordering of the chains, 
whilee at high temperatures the chains are disordered. However, while for ahh = 35 
thee two monolayers are interdigitated in the ordered phase, for ahh = 15 the ordered 
phasee is a bilayer formed by two separated leaflets. This can clearly be seen from 
thee density profiles, which we plot as function of reduced temperature in figure 5.11. 
Thiss figure shows that the melting of the bilayer results in a broader shape of the den-
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Figuree 5.11: Density profiles as function of temperature for a bilayer formed by lipids with 
Qhhh = 15 (see also the caption to figure 5.7). 

sityy profiles. The increase of disorder in the chains (see figure 5.10) results in a partial 
overlapp of the two monolayers. This transition upon heating is also reflected in the 
trendd of the area per lipid with temperature (figure 5.8(a)), which shows a sharp in-
creasee between T' = 0.95 and T" = 1.0. We can then conclude that a transition from 
ann ordered to a disordered phase takes place at a temperature 0.95 < Tm < 1.0. 
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Wee have shown that the bilayer structure in the low temperature region depends 
onn the repulsion between the lipid headgroups. By tuning this parameter, we can ob-
tainn both the gel phase Lp and the interdigitated gel phase L^|. Experimentally, both 
inn the liquid crystalline phase [92] and in the gel phase [107], a monotonie increase of 
thee area per lipid is observed when the temperature is increased. This is caused by an 
increasee in the disorder of the tails [92]. For the low repulsion parameter of ahh = 15 
wee reproduce the experimental observed trends. It is worth mentioning that, in most 
cases,, in the gel phase the phospholipid chains are tilted with respect to the bilayer 
normall  [96]. While for single tail lipids we do not observe any tilt , we will see in the 
nextt section that the double tail lipids are tilted in the gel phase (L)S - phase). 

PhasePhase behavior as a function of head-head repulsion 

Itt is now interesting to do a more systematic study of these phase transitions for a 
rangee of repulsion parameters. The phase transitions we consider are: 

1.. transition from interdigitated gel to gel (L^i —> Lp) 

2.. transition from interdigitated gel to liquid crystalline (L^ --> LLJ 

3.. transition from gel to liquid crystalline (Lp —> LA). 

Ass we have shown, the first transition is induced by a decrease in the repulsion pa-
rameterr ah),, while the latter ones are temperature dependent. 

Wee use three quantities to distinguish among the different phases: the area per 
lipi dd A|., the extent of tail overlap Dovl,r|ap, and the ordering of the tails Stan- By study-
ingg the behavior of these quantities as function of temperature and head-head repul-
sionn parameter we can determine the phase diagram of ht? as shown in figure 5.3. 

Inn figure 5.12 wTe plot the area per lipid A] , the extent of tail overlap D()Vl.r] ;ip, and 
thee chain order parameter Stm] as function of temperature and head-head repulsion 
parameter.. For repulsion parameters atlh < 18, the low temperature phase is the 
bilayerr gel L]S phase, while for repulsion parameters ahh > 18, the low temperature 
phasee is the interdigitated gel Lp i. 
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(a)) (b) 

(c) ) 

Figuree 5.12: (a) Area per lipid Ai., (b) extent of chain overlap Doverlap, and (c) tail order param-
eterr Staii as function of reduced temperature T" for different repulsion parameters ahh. Dashed 
curvess show a transition from the Lp to the La phase, solid curves show the transition from the 
Lpii  to the La phase. 

Byy increasing temperature all bilayers melt from an ordered into a disordered 
phase.. For bilayers in the Lp phase, the area per molecule and chain overlap increase 
uponn melting, while for bilayers in the L(5| phase the area per molecule and chain 
overlapp decrease. 

Thee curves in figure 5.12(c) show that the transition from an ordered phase to a 
disorderedd one is very gradual. Much larger systems might be required to observe 
aa sharp transition in these quasi two-dimensional systems. This gradual transition 
makess it difficult to determine the exact location of the phase boundaries and there-
foree we used the inflection point as our definition of the phase boundary The tem-
peraturee at which the chains get disordered is the same as the temperature of the 
inflectionn point in AL and Doverlap. We define as the main transition temperature Tm 

thee value of temperature at the inflection point of the shown curves. Tm is higher for 
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bilayerss in the Lp phase than for bilayers in the Li3I phase. This is in agreement with 
experimentall  results [99]. 

PhasePhase behavior as a function of tail length 

Besidess investigating the effect of changing the head-head repulsion parameter, it is 
alsoo interesting to vary the tail length of the lipid. A similar analysis, as was presented 
forr the lipid ht9, has been carried out for lipid types h t6,h t7, andh t8 (see figure 5.13). 

Dependingg on the repulsion parameter we obtain two gel phases Lp i and Lp for all 
taill  lengths. For high head-head repulsion the system can gain energy by adding wa-
terr particles in between the heads. As a result the distance between the head groups 
increasess and the interdigitated phase is stabilized. For low values of ahh the head-
groupss expel water and the stable phase is the non-interdigitated phase. In between 
wee find a,*h for which the transition from Lpi to Lp occurs. The difference between 
thee two phases is that in the Lpi phase the tail ends are in direct contact with water, 
whereass in the Lp phase the tail ends face each other. Therefore, the critical value a1*jh 

too induce interdigitation is higher than the value of awh. 
Wee observe hysteresis if we change ahh at a constant temperature: the bilayer can 

bee both in the Lp or in the Lp l phase, depending on the initial dimension of the area. 
Thee range of ahh, in which hysteresis occurs, increases with decreasing temperature 
(seee figure 5.14). This suggests that the transition Lp to Lpi is a first order transition. 
Inn the phase diagrams of figure 5.13 we define the phase found during decreasing 
temperaturee at a constant head-head repulsion parameter as the stable phase. 

100 15 20 25 30 
a.. . 

Figuree 5.14: Hysteresis curves for the area per lipid, AL of the lipid type htg, as function of 
thee head-head repulsion parameter ahh at constant temperature T*  = 0.75 (solid line) and 
T**  = 0.8 (dashed line). Configurations of both phases L[» (at ahh =6)andLpi (at ahh = 30) are 
takenn as initial conditions, and ahh is slowly increasedd or decreased respectively. 
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Figuree 5.13: Phase diagrams as a function of the head-head repulsion parameter ahh and re-
ducedd temperature T" for lipids of different chain lengths: (a)  (b) ht- (c) hts, and (d) hto. 
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Ass we increase the tail length the gel phases are stabilized and the transition shifts 
too higher temperatures. The effect of increasing the head-head repulsion on the gel to 
liquidd crystalline transition temperature is much more pronounced for the L^ — La 

comparedd to L,^ — La. This can be understood from the fact that in the interdigi-
tatedd phase the average distance between the heads is already much larger compared 
too the non-interdigitated phase, and a further increase in this distance does not have 
aa dramatic effect on the stability of the gel phase. 

Forr lipids ht8 and hto the Ll3! phase occurs at slightly lower repulsion parameters 
thann for lipids htb and ht-. This is consistent with experimental results [91]. Since 
thee interdigitated phase is more closely packed than the non-interdigitated phase, 
thee van der Waals energy is greater. This energy gain is proportional to the number 
off  carbon atoms in the phospholipid chain and thus interdigitation becomes ener-
geticallyy more favorable for longer chains. Also in our simulations we observe that 
thee interdigitated phase is more compact and hence aj"lh decreases slightly with in-
creasingg tail length. 

Itt is interesting to compare these results with the experimental data. Misquitta 
andd Caffrey in [108] systematically investigate the phase diagrams of monoacylgly-
cerols,, a single-tail lipid, and show a similar tail length dependence for the Lp -^La 

transition.. Interestingly, as we will show later, for a similar model of a double-tail 
lipi dd we do not observe the spontaneous formation of an interdigitated phase. This 
correspondss to the experimental observation that for the most common double-tail 
lipidss the interdigitated phase does not form spontaneously, but should be induced 
bvv the addition of, for example, alcohol [98]. 

Thee effect of adding salt on the gel to liquid crystalline transition has been stud-
iedd for double-tail lipids [109] and recently for single-tail lipids [110]. These studies 
showw that adding so-called kosmotropic salts increases the L^ -->La transition tem-
perature,, while chaotropic salts decrease this transition temperature. Similar effects 
havee been observed for nonionic single-tail lipids [111]. Takahashi et ah [110] explain 
thesee observations by assuming that kosmotropes tend to be excluded from the in-
terfaciall  region and hence reduce the amount of interfacial water, while chaotropic 
saltss have the inverse effects, i.e. are adsorbed at the interfacial region and increase 
thee amount of interfacial water. In our model a similar effect can be achieved by 
changingg the head-head interactions; increasing or decreasing ah|, corresponds to 
addingg chaotropes or kosmotropes, respectively. Our simulations show that decreas-
ingg the head-head repulsion stabilizes the Lr, phase, which corresponds to the case 
thatt water is excluded from the interface. Adding chaotropic salts has the reverse 
effect:: it increases the head-head repulsion and stabilizes the LA phase. Our simu-
lationss show that at sufficiently high head-head repulsion the interdigitated phase 
(L|>,i)) is stable. This suggests that it might be possible in experiments to induce the 
L,}}  >Lp i phase transition by adding chaotropic salts to the systems. 
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5.33 Double-tai l lipi d bilayer s 

Inn the previous section we have discussed the phase behavior of single-tail lipid bi-
layers.. In this section we extend the model and investigate the phase behavior of 
double-taill  lipids. In particular, we consider a coarse-grained lipid with three head-
beadss and two tails of five beads each. This lipid will be denoted as h.;,(t-, Ij . As 
discussedd in section 2.2 of Chapter 2, if a DPD bead is taken to represent the vol-
umee of three water molecules, i.e. 90 A3, then the coarse-grained lipid h..Ut5 )2 can be 
consideredd as a model for dimyristoyiphosphatidylcholine (DMPC) (see figure 2.2 in 
Chapterr 2). 

5.3.11 Computationa l detail s 

Forr this study we consider bilayers of 900 h^ l t .^ lipids, and 25 water particles per 
lipid,, corresponding to fully hydrated conditions {i.e. no interaction of the bilayer 
withh its periodic images). 

Thee values of the interaction parameters are aww = att = 25, ahh = 35, avv, = aht = 
80.. Two consecutive beads in the lipid chain are connected by a harmonic spring, 
withh equilibrium distance r0 — 0.7, and elastic constant Kr = 100. 

Consecutivee bonds in the lipid chain are subjected to a harmonic bond-bending 
potential.. The values of the parameters related to this bond-bending potential were 
derivedd from the comparison of the CG model with MD simulations on all-atom 
modell  for a DMPC lipid bilayer [112]. The resulting values for the bending constant 
andd the equilibrium angle in the lipid tails are Ke=6 and 9o=180°, respectively. About 
thee bond-bending potential between the head-bead connected to the lipid tails and 
thee first beads in the tails values of Kti=3 and 0O=9O° were found to reproduce the 
correctt configurational distribution and structure of the atomistic detailed phospho-
lipid. . 

Alll  the simulations were carried at zero surface tension conditions. To explore the 
phasee diagram of the bilayer, the temperature of the system was gradually decreased 
fromm T" = 1.0 to T*  = 02 . At each temperature, a total of 100,000 DPD-MC cycles was 
performed,, of which the first 20,000 cycles were needed for equilibration. Statistical 
averagess were then collected over the next 80,000 DPD-MC cycles. 

Thee phase boundaries were detected, as described in the previous sections for 
thee single-tail lipids, by monitoring the temperature behavior of the area per lipid, 
thee bilayer thickness and the order of the tails. 

5.3.22 Result s and Discussio n 

Thee area per lipid, A|, bilayer hydrophobic thickness, Dc, and tail order parameter 
Smi|,, as function of reduced temperature, T', are shown in Figure 5.15. 



74 4 Phasee behavior of coarse-grained lipid bilayers 

Noo interdigitation was found for the chosen value of the repulsion parameter be-
tweenn the headgroups, ahh=35. Also, an increase of ahh up to 55 does not lead to any 
interdigitationn (data not shown). This result is consistent with the experimentally 
observedd structure of symmetric PC's bilayers, for which no spontaneous interdigi-
tationn is found. The transition temperature was derived from the inflection points 
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Figuree 5.15: Area per lipid A,, (a), bilayer thickness Dc (b), and tail order parameter, Staii (c),as 
functionn of reduced temperature T" for lipid type h; i t.-, h. The error bars are smaller than the 
symboll  size. 

off  the shown curves. The system undergoes a main transition at a reduced tempera-
turee Tm=0.425. Above the reduced temperature T,'n, the lipid chains are in the melted 
statee (hence a low value of the bilayer thickness and of the tail order parameter) and 
thee system is in the La fluid phase. The snapshot in figure 5.16(c) shows a typical 
configurationn of the system in the fluid phase. 

Att very low temperatures the system is in the Lp< gel phase, which is character-
izedd by having ordered chains, hence a high value of the bilayer thickness and of the 
taill  order parameter. While single-tail lipids are not tilted in the gel phase, for the 
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Figuree 5.16: Snapshots of typical configurations of the 113(1:5)2 bilayer simulated at reduced 
temperatures:: (a) T*  < 0.35, corresponding to the gel phase, or Lp/; (b) 0.35 < T*  < 0.425 
correspondingg to the ripple-like 'striated' phase, or Pp/; and (c) T*  > 0.425 corresponding to 
thee fluid phase, or LlX. The lipid headgroups are represented by black lines and the lipid tails 
byy gray lines, with the terminal tail beads darker gray. The water is not shown. 

double-taill  lipid we observe that the lipid chains are tilted with respect to the bilayer 
normal.. We find a til t angle of 25°, which is slightly lower than the value of ~ 32° 
measuredd experimentally for DMPC lipid bilayers [113]. A typical configuration at 
thiss temperature can be see in the snapshot in figure 5.16(a). 

Betweenn the La and the Lp< phases, when the temperature is increased above 
T*=0.35,, we observed a third phase. This phase, which disappears again as the tem-
peraturee reaches the main-transition temperature, is characterized by having stri-
atedd regions made of lipids in the gel-state intercalated by regions made of lipids 
inn the fluid-state. This modulated structure can be seen in the snapshot in figure 
5.16(b).. This phase resembles the P(v, or ripple-phase. The ripple-phase occurs in 
phospholipidd bilayers at the so-called pre-transition temperature, and is character-
izedd by a rippling of the bilayer, with a wave length of the order of 150 A [114]. 

Ass we have discussed in Chapters 2 and 3, the double-tail lipid hi[t 5}2 can be 
mappedd onto DMPC, if a coarse-grained representation is used in which one DPD 
beadd has a volume of 90 A3. This correspondence between the lipid h,3(t5 |2 and 
DMPCC allows us to quantitatively compare the values of structural quantities found 
inn our simulations with experimentally measured values. Besides the unit of length, 
whichh is derived, as discussed in Chapter 2, from the volume of one DPD bead, and 
iss equal to Rc = 6.4633A, we need to map the reduced temperature onto real temper-
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ature. . 
Too give an estimate of the values of the reduced temperatures, T', in terms of 

physicall  temperatures T, we have mapped T" onto T according to the following linear 
relation n 

T . - r r a r + b.. (5.1) 

Thee values of the coefficients a and b were found by solving the system of linear equa-
tionss obtained by substituting in equation 5.1 the reduced and physical values of the 
main-- and pre-transition temperatures for a pure DM PC phospholipid bilayer. From 
thee values % 24 °C and % 14 °C [96) of the main- and pre-transition temperatures, 
respectivelyy we obtained a - 133 °C, and b — 33 (,C. 

Thee values of the bilayer hydrophobic thickness and the area per lipid obtained 
fromm our simulations can now be compared with the corresponding experimental 
valuess for fully hydrated DMPC bilayers, as shown in Table 5.1. The values from sim-

Tablee 5.1: Values from simulation of the bilayer hydrophobic thickness, Dt-, and area per lipid, 
Ai.,, at different temperatures, compared with experimental values. The error on the simulation 
dataa is 0.2 A for Dc and 0.4 A1 for A,. 

TT [°C] Phase Dc [A] A,. [A i 
simm exper sim exper 

10 0 
30 0 
50 0 
65 5 

Lp--

u u 
u u 
u u 

34.3 3 
26.3 3 
24.3 3 
23.6 6 

30.3T T 

25.6+ + 
24.0+ + 
23.41 1 

48.6 6 
60.4 4 
64.4 4 
65.7 7 

47.2' ' 
60.01 1 

65.41 1 

68.51 1 

++ I :rom [ 113]. The error for I \ is 0.2 A, and for A[ O.T1A2. 
++ I-'rom [92|. The error is not reported in the cited reference. 

ulationss are in good quantitative agreement with the experimental data, although 
somee deviations from the experimental values are observed for the area per lipid at 
highh temperature (65 °C), and for the bilayer hydrophobic thickness in the gel phase 
(100 °C). The larger thickness, compared with the experimental value, found in our 
simulationss in the gel phase, could be due to the smaller til t angle shown by the 
coarsee grained lipids compared to the DMPC lipids. 

5.44 Conclusio n 

Wee performed simulations on the most simple representation of a phospholipid. The 
modell  consists of a single hydrophilic head bead connected to one tail of hydropho-
bicc beads, which can vary in length. Using the area per lipid, the hydrophobic thick-
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ness,, the order parameter, and the extent of chain overlap, we were able to charac-
terizee various bilayer phases. 

Thee simulations showed that different stable phases are obtained for a wide range 
off  temperatures. We characterized the low temperature phase as a gel phase, and 
wee reproduced the main order/disorder phase transition from a gel to a liquid crys-
tallinee phase. This transition temperature to the la phase increases with increasing 
taill  length, as was also found experimentally. 

Inn bilayers consisting of single-tail lipids, only the non-interdigitated L]5 phase 
andd the fluid La phase are observed. However, experiments show that if chaotropic 
saltss are added to the system, the distance between the headgroups is increased, sta-
bilizingg the LA phase. We show that at high enough head-head repulsion the La 

phasee is indeed stabilized and that the low temperature phase is the interdigitated 
L(311 phase. This suggests that it is possible to induce an interdigitated phase in bilay-
erss of single-tail lipids by adding chaotropic salts to the system. 

Fromm our results, we can conclude that a model consisting of a head bead con-
nectedd to a single tail does not describe the phase behavior of a double-tail lipid cor-
rectly.. Single-tail lipids spontaneously form a low temperature interdigitated phase 
forr high enough values of the repulsion parameter between headgroups, while ex-
perimentallyy this phase is observed in bilayers consisting of double-tail lipids, but 
hass to be induced. By lowering the value of the head-head repulsion the low temper-
aturee phase is the Lp phase. In this phase the chains of single-tails lipids are ordered 
parallell  to the bilayer normal, while for most common double-tail phospholipids the 
hydrocarbonn tails show a til t with respect to the bilayer normal (the Lp<). 

Wee have hence increased the topological complexity of the model by considering 
modell  lipids with two hydrophobic tails. We have shown that the bilayers formed 
byy these lipids display a phase behavior as function of temperature that well repro-
ducess the phase behavior of phosphatidylcholine bilayers. Moreover, by defining a 
coarse-grainingg level in which a DPD bead corresponds to a volume of 90 A3, i.e. to 
threee water molecules or three methyl groups, we have defined a correspondence be-
tweenn a coarse-grained lipid with three head-beads and two tails of five beads each 
andd the DMPC phospholipid. By also mapping the model reduced temperature, via 
thee phase transition temperatures of DMPC bilayers, onto physical units, we were 
ablee to compare the simulated bilayer structural properties with their corresponding 
experimentall  values. A good agreement in the trends and values was found. This 
agreementt validates our mesoscopic model for lipid bilayers. 
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6.11 Introductio n 

Thee role of the pressure profiles in lipid bilayers is an important, and controversial, 
issuee in the study of lipid-protein interactions. Non-bilayer lipids, i.e. lipids which 
preferentiallyy do not aggregate into a bilayer phase [115], and molecules like alcohols 
orr anesthetics, may alter and shift the distribution of pressure across a bilayer, and 
inn this way the activity of so-called mechanosensitive transmembrane proteins [116) 
cann be regulated. To date, the way anesthetics work is not yet fully understood, and 
thee controversy as to whether the primary mechanism of action of general anesthet-
icss is through a lipid mediated, non-specific, interaction, or via a direct action on 
thee membrane proteins is still a matter of debate (for an exhaustive discussion of 
thee problem see [117] and references therein). An interesting hypothesis was pro-
posedd by Cantor [29,30,114,118]. Cantor suggested that a purely mechanical, lipid-
mediated,, effect might be responsible for the action of general anesthetics through 
ann anesthetic-induced redistribution of the lateral pressure across the bilayer. Con-
siderr an intrinsic membrane protein that can exist in two principal configurations, of 
whichh one is active and the other one inactive. If the two configurations display a dif-
ferentt distribution of the cross-sectional area as function of the depth in the bilayer, 
aa redistribution of lateral pressure across the bilayer might shift the conformational 
equilibriaa of the protein. 

Inn Chapter 3 we have shown that pressure profiles can be directly calculated in 
molecularr simulations, and in Chapter 4 we have discussed how the lipids charac-
teristics,, like chain length and stiffness, can determine the distribution of the lateral 
pressuree across a bilayer. In this Chapter we investigate the influence of the bilayer 
locall  density and pressure on the partitioning of small, dumb-bell like, solutes in bi-
layerss of lipids with different topology. We also study the modifications induced by 
thee solutes on the bilayer structural properties, and in particular on the distribution 
off  local pressures. 

6.22 Computationa l detail s 

AA dumb-bell molecule consists of two beads tied together by a harmonic spring. Dif-
ferentt chemical properties of these dumb-bells can be represented by varying the 
strengthh of the interaction parameters of the dumb-bell beads with the other com-
ponentss of the system, i.e. water and lipids. 

Wee consider three types of dumb-bells: purely hydrophobic (indicated in the fol-
lowingg as dbH), in which both beads have a large repulsion parameter with water and 
thee lipid headgroup; neutral dumb-bells (dbN), in which both beads interact with 
thee other components as if they were the same specie; and amphiphilic dumb-bells 
(dbA),, in which one bead is hydrophilic and the other one is hydrophobic. The values 
off  the interaction parameters for the different dumb-bells are reported in table 6.1. 
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Forr reference purpose we also report the interaction parameters between water and 
lipids.. By choosing these three different types of solute molecules we can discrim-
inatee between the chemical affinity and the mechanic effects on the distribution of 
thee solutes in the bilayer. 

aa db, ,w 
a : d b , ,h h 
a . d b , , t. . 

AA db. ,w 
a i d b . , l i ' ' 

CII  db. t 
QQ db ,dbj 

&&  clh . .db. 

a.:dbi.dbL .! ! 

dbA A 
25 5 
25 5 
50 0 
80 0 
80 0 
25 5 
25 5 
25 5 
25 5 

dbH H 
80 0 
80 0 
25 5 
80 0 
80 0 
25 5 
25 5 
25 5 
25 5 

dbN N 
25 5 
35 5 
25 5 
25 5 
25 5 
25 5 
25 5 
25 5 
25 5 

aa WAV 
Q l \ V , h h 

a ,w ,i i 

aa h.h 

a i h .n n 

a i i . n n 

25 5 
15 5 
80 0 
35 5 
80 0 
25 5 

Table6.1:: Repulsion parameters â  (for the force of equation F̂  = cm 11 - ru RL. 1?̂) between 
dumb-bells,, water, and lipids. Water beads are indicated as w, lipid hydrophilic head-beads as 
h,, lipid hydrophobic tail-beads as t, and the two beads of a dumb-bell as dbi and db2 respec-
tively.. Three types of dumb-bells are considered: hydrophobic (dbH), amphiphilic (dbA) and 
neutrall  (dbN). 

Too investigate the influence of the lipid characteristics on the distribution of the 
solutes,, we consider three lipid types whose density distribution and lateral pres-
suree profile show different shapes. All the considered lipids have a single tail of 7 
hydrophobicc beads attached to one hydrophilic head-bead. The lipid tail can have 
differentt stiffness. We consider bilayers formed by fully flexible lipids (ht7), by linear, 
stifff  lipids (htt, t), and by poly-unsaturated lipids, where the unsaturation points are 
representedd by kinks along the chain (ht ' ' t4

K t'! 't). The lipids nomenclature follows 
thee convention introduced in section 4.3 of Chapter 4, and the different lipid topolo-
giess used in this work are shown in figure 6.1. In all cases, the solutes were added 
too equilibrated, tensionless bilayers consisting of 200 lipids (100 in each monolayer), 
andd approximately 2000 water beads, at an overall bead density of 3. The dumb-bells 
molee fraction (respect to the number of lipids) was 25% (the same used in [119]), 
whichh results in 50 dumb-bells for the bilayers considered here. 

Thee initial positions of the dumb-bells were chosen at random within the hy-
drophobicc part of the bilayer. The system was then equilibrated for 5000 DPD steps 
too allow the added molecules to diffuse in the bilayer. After this equilibration period 
thee molecules were already located in the bilayer regions where they would reside 
throughoutt the rest of the simulation. Further 20000 MC-DPD cycles with imposed 
zeroo surface tension concluded the equilibration. Density and pressure profiles, and 
bilayerr structural characteristics were measured over 50000 MC-DPD cycles (at zero 
surfacee tension) with sampling frequency of 10 cycles. 
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h t7 7 .. . ( L ) (K ) ( L ) 

htt t 4 t t 
htf ii t 

Figuree 6.1: Schematic representation of the three lipid types used in this study with their 
nomenclature.. The head-bead is represented by a black particle and is denoted as 'h'. The 
tail-beadss are represented by white particles and have different names depending on the pres-
ence,, and type, of a bond-bending potential. A bead labeled 't! l ' is the central bead in a 
bond-bendingg potential with equilibrium angle 0O = 180", a bead labeled 't K: ' is the central 
beadd in a bond-bending potential with 9„  = 135°, while a bead labeled as 't' does not partic-
ipatee to any bond-bending potential. The subscript indicates the number of beads of a given 
typee that are tied together. 

6.33 Result s and Discussio n 

6.3.11 Partitioning of the solutes in the bilayer 

Figuree 6.2 shows the snapshots of the equilibrium configuration of the dbA, dbH and 
dbNN molecules in the poly-unsaturated bilayer. The distributions of the solutes in 
thee other bilayer types are similar to the ones shown here. The partitioning at equi-
libriumm of the solutes molecules depends on the chemical interactions with the bi-
layerr components and with water: the amphiphilic molecules are found near the 
lipi dd headgroup (figure 6.2(a)) while the hydrophobic molecules are located in the 
bilayerr core (figure 6.2(b)). Only the neutral molecules (figure 6.2(c)) have signifi-
cantlyy diffused into the water phase. As a general observation, we see that the dumb-
bellss have higher density in the energetically more favorable bilayer region, i.e. where 
thee repulsion is lower. However, the neutral molecules that have not diffused in the 
water,, are found predominantly near the lipid headgroup region (figure 6.2(c)). Be-
causee of their neutrality, the preference for these molecules to absorb at the inter-
facee must be due to thermodynamic factors, like density and pressure distributions 
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withinn the bilayer. The neutral dumb-bells locate in fact in the bilayer region with 
thee lowest density and pressure, which corresponds to the interface between the hy-
drophilicc headgroups and the hydrophobic tails of the lipids. These observations 
aree supported by the shape of the density profiles as shown in figures 6.3, 6.4, and 6.5. 
Consideringg the interaction energy only, purely hydrophobic dumb-bells should be 
foundd with uniform distribution within the bilayer core. However, when we compare 
thee location of the hydrophobic dumb-bells with the shape of the lateral pressure 
withinn the pure bilayer (also shown in the figures), we observe that the distribution 
off  the solute molecules is not uniform, but follows the distribution of the lipid den-
sityy and pressure within the bilayer core. The hydrophobic dumb-bells locate in the 
regionss of lower hydrocarbon density and pressure. These observations suggest that 
thee distributions of density and pressure in the bilayer is an important factor in pre-
dictingg the absorption sites for small solute molecules. 

6.3.22 Effec t on the bilaye r propertie s 

Byy comparing the density profiles in presence of solutes with the ones for the pure 
bilayer,, we can study how the bilayer structure is modified by the addition of these 
molecules. . 

Ass shown in Chapter 4, for stiff lipids with the headgroup repulsion parameter 
usedd here, the structure of the pure system is a largely interdigitated bilayer. If the 
dumb-bellss are located at the interface (amphiphilic and neutral) in this kind of bi-
layerr (figures 6.3(c) and 6.3(d)) the central density peak in the bilayer hydrophobic 
coree increases in magnitude, while the secondary peaks at the edge of the hydropho-
bicc core decrease in magnitude. Both these features in the density profile are a sig-
naturee for an increase in interdigitation. The opposite happens when hydrophobic 
dumb-bellss are added (figure 6.3(b)). Since these molecules adsorb in the bilayer 
hydrophobicc core, they decrease the packing of the lipid tails and increase their dis-
order.. As a consequence, the bilayer is less interdigitated; the peaks in the density 
off  the last bead of the tail shift toward the bilayer center, and the overall density in 
thee bilayer core becomes more uniform. For the flexible and the unsaturated bilayers 
(figuress 6.5 and 6.4), the addition of solutes has a smaller effect on the lipids density 
distribution.. A general observation for both the flexible and the unsaturated bilayer 
iss that the addition of hydrophobic molecules decreases the central minimum (at 
22 = 0) of the lipid tail density. This effect can be easily explained considering that the 
hydrophobicc dumb-bells adsorb in the bilayer inner core, and hence decrease the 
spacee available to the lipid tails in this region. 

Too further characterize the modifications induced by the solute molecules on the 
bilayer,, we compare the structural quantities of the mixed bilayer with the ones of 
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(a)) dbA (b)) dbH 

" '' " '""  % é' '~e'

(c)) dbN 

Figuree 6.2: Snapshots of configurations taken from simulations of absorption of dumb-bell 
moleculess in a bilayer of poly-unsaturatedht' t4

K t L t lipids, (a) Amphiphilic, (b) hydropho-
bic,, (c) neutral dumb-bells. The dumb-bells are represented as large spheres, the lipid tails as 
lines,, the lipid headgroups as dark small spheres, and the water particles as light small spheres. 
Thee simulation box is periodic in all three Cartesian directions. 
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Figuree 6.3: Density profiles for the pure htp t bilayer (a), and for the same bilayer with (b) 
hydrophobicc (dbH), (c) amphiphilic (dbA), and (d) neutral dumb-bells (dbN). In figures (b), 
(c)) and (d) the lateral pressure profile 7t(z) of the pure bilayer is also plotted. Note that the 
densitiess have been rescaled to fit  in the same scale as the lateral pressure (hence the values 
onn the graphs ordinate refer to n[z) only). The scaling factor for the density of the dumb-bells 
iss two times smaller than the scaling for water and lipid densities. The densities refer to water 
(w),, lipid headgroup (h), lipid hydrophobic tail-beads excluding the last one (t,, n , . ), last 
tail-beadd (tn), and dumb-bells (db). For the pure bilayer the total density ptol is also plotted. 
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, ii  I ' K Figuree 6.4: ht t, t t bilayer. See caption of figure 6.3. 
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Figuree 6.5: ht: bilayer. See caption of figure 6.3. 
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thee pure bilayer. We consider the parameter 

^^ Qdb ~ Qo 

So o 

wheree Q can be one of the following: bilayer area, bilayer thickness, lipid hydropho-
bicc length (projected along the bilayer normal). Q0 and Qdb refer to any of these 
quantitiess in the pure bilayer and in the bilayer with dumb-bells, respectively. For 
thee definition and method of calculation of these quantities we refer the reader to 
sectionn 4.2 of Chapter 4. The values of these differences for the different dumb-bells 
andd bilayer types are shown in figure 6.6. By addition of the solute, the bilayer area 

(a)h t [ -L , tt ( b ) h t, L l t j j K ' t , L ' t ( c ) h t7 

Figuree 6.6: Difference (as percent), with respect to the pure bilayer, of bilayer structural quan-
titiess (Q) by addition of different solute molecules in different bilayer types. The quantities 
consideredd are: bilayer area, A (black), bilayer hydrophobic thickness, Dc (black and white), 
andd lipid hydrophobic end-to-end distance projected along the bilayer normal, L"t, (gray). 

(inn black in figures 6.6) increases for all bilayer types, although the increase is much 
largerr when the molecules absorb at the interface (amphiphilic and neutral dumb-
bells).. Because we are considering the total area, and because the bilayers are ten-
sionless,, a larger number of molecules in the system results in a larger area compared 
too the pure bilayer. Moreover, if the solutes adsorb at the headgroup interfacial re-
gionn this increase is larger. This increase in the bilayer area results in a lower inter-
faciall  density of lipids, and in a potential creations of voids in the bilayer core. The 
rearrangementt of the bilayer to compensate for this is very much dependent on the 
bilayerr structure and on the type of solute. We will first consider the case of the ht6 t 
bilayer,, with either the neutral or the amphiphilic solute molecules, which both ab-
sorbb at the interface near the lipid headgroups. Since the dumb-bells at the interface 
aree far too short to fill-in  the voids created in the bilayer interior by an increase of the 
surfacee area, two compensating mechanisms could happen. The lipid tails could be-
comee more disordered, or the lipids in each opposing monolayer could interdigitatc 
too fill-in  the extra free volume. The decrease in bilayer hydrophobic thickness (and 
thee described shape of the density profiles) show that the latter mechanism is taking 
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Figuree 6.7: Modification of the ordering of the lipids induced by addition of solute dumb-bells 
inn a htg 't bilayer. (a) Order parameter Sm between the vector connecting each two consecu-
tivee beads in the lipid tail and the bilayer normal, m is the index of the vector (starting from 
thee head group), (b) Distribution of the angle (in degrees) formed by the vector between the 
head-groupp and the last bead in the lipid tail with the bilayer normal. 

place.. This conclusion is further supported by the observed increase of the lipid end-
to-endd distance along the bilayer normal. If the two monolayers were well separated, 
ann increase of the lipid tail length would correspond to an increase of the bilayer 
thickness,, while we observe a decrease of the latter quantity. Because of increased 
interdigitation,, the lipid tails are more ordered. This can be seen (figure 6.7(a)) from 
thee increase in the tail order parameters respect to the pure bilayer and to the bi-
layerr with hydrophobic dumb-bells. Also, in the case where the solutes adsorb at 
thee interface, the distribution of the angle between the lipid tail and the bilayer nor-
mall  (figure 6.7(b)) is less broad, and with the maximum at lower values of the angle. 
Alsoo in the case of flexible (ht7) and unsaturated (ht[ L ' t ^ ' t L:'t) bilayers with added 
surface-absorbedd molecules, to an increase in surface area corresponds a decrease 
off  bilayer thickness. However, this decrease can be accounted for by a shortening of 
thee lipid tails, as can be seen by the decrease of the end-to-end distance. For these 
moree flexible bilayers, the effect of molecules absorbed at the interface is opposite 
thann in the case of the more stiff bilayer, i.e. the lipid chains become more disordered 
too compensate for the larger volume available due to the increase in surface area. 

Whenn hydrophobic dumb-bells are added, the increase in surface area is much 
smallerr for all the bilayer types considered, and the bilayer hydrophobic thickness 
iss always larger than the thickness of the pure bilayer. Since the hydrophobic so-
lutess locate in the bilayer center, they increase the bulk volume of the bilayer. The 
largestt increase in thickness is observed for the stiff bilayer. The presence of the so-
lutess in the hydrophobic core disrupts the ordering of the lipids tail (as can be seen 
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fromm figure 6.7). In the htb' t bilayer, this decrease in chain order leads to a decrease 
inn interdigitation, and the two monolayers become more separated. This results in 
ann increase of the bilayer thickness, even if the end-to-end distance decreases. In the 
casee of the flexible and unsaturated bilayer, the increase in thickness is much smaller, 
andd it can be accounted for by both the presence of the solute molecules in the bi-
layerr interior and by a (small) increase in the end-to-end distance. Since the lipids 
inn these bilayer types are already much less ordered than in the stiff bilayer, the ad-
ditionn of the solutes does not have a significant effect on the order parameters (data 
nott shown). 

Itt is important to observe that the effect of the neutral dumb-bells on the bilayer 
propertiess is the same than the effect of the amphiphilic dumb-bells, because they 
bothh absorb at the bilayer interface. However, since the neutral molecules largely 
diffusee in the water phase (and sometimes even in the bilayer inner core) they have 
ann effective lower concentration in the bilayer compared to the amphiphilic ones. 
Forr this reason, they have a lesser effect on the bilayer structure compared to the 
amphiphilicc molecules. 

6.3.33 Effec t on the pressur e distributio n 

Thee effect of addition of solute molecules on the lateral pressure profile across the 
bilayerr is shown in figure 6.8, where we plot the pressure profiles in the bilayers with 
addedd the solutes to compare them to the pressure profile in the pure bilayers. As 
aa general observation, the peaks (both positive and negative) of the lateral pressure 
decreasee in magnitude by addition of solutes, irrespective of the bilayer type, and of 
thee nature of the added molecules. In this sense, the solutes can be seen as interfacial 
activee molecules, that, like soap, have the effect of shifting to zero the local pressure 
(andd the surface tension) of the interface where it locates. 

However,, since a bilayer is not a simple interface, but has a complex structure, dif-
ferentt molecules, at different position within the bilayer, change the lateral pressure 
inn different ways. To describe the characteristics of the pressure profile, we make use 
off  the interfaces defined in Chapter 4 (see figure 4.5 therein). 

Itt is important to remind that the integral of the lateral pressure across the bilayer 
iss always zero, since the bilayer is in a tensionless state. Hence, a positive or negative 
changee in the lateral pressure in one region of the bilayer, should be compensated by 
oppositee changes in other regions of the bilayer. 

Thee largest shift in the pressure is at the headgroup/tails interface (first negative 
peakk in figures 6.8), but the magnitude of this shift largely depends on the bilayer 
structure.. For the stiff bilayer (figure 6.8(a)) both hydrophilic and hydrophobic so-
lutess increase the local pressure by approximately the same amount, while for the 
moree flexible bilayers (figure 6.8(b) and 6.8(c)) the amphiphilic molecules have a 
muchh larger effect than the hydrophobic ones. This shift of lateral pressure is com-
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Figuree 6.8: Pressure profiles in bilayers with added dumb-bells compared to the pure bilayer, 
forr the three bilayer types, and the three dumb-bell types considered in this study. 
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pensatedd by an opposite change of pressure at the water/headgroups interface (first 
maximumm in figure 6.8). 

Alsoo the shift in lateral pressure in the bilayer hydrophobic core depends on the 
bilayerr topology and solute characteristics. In the ht L t4 t t and ht7 bilayers, the 
hydrophilicc (and the neutral) dumb-bells have littl e effect in the bilayer center (z = 
0).. In the ht6

Ll t bilayer, because of the decrease in interdigitation, and of packing 
density,, induced by the interface-adsorbed solutes, the effect is a decrease of the local 
pressuree in the bilayer center. 

Too further characterize the changes in the local pressure induced by the solute 
moleculess we define the following quantity 

Arc(z)) = 7Tdh(z) (6.2) ) 

wheree 7tdb(z) is the pressure for a bilayer with dumb-bells and na[z) is the pressure 
forr the pure bilayer. 

Sincee the most common organization of lipid bilayers is the non interdigitated 
state,, we focus on the pressure shift ATTIZ) for the lipid type ht( L ) t4 t" 't, as shown in 
figurefigure 6.9. The shift in pressure for the fully flexible bilayer ht7 is very similar to the 
onee shown. Because of symmetry, just half of the pressure profile is represented, with 
thee bilayer center at z = 0. Also, z has been normalized by the hydrophobic thickness 
off  the bilayer. From the figure it can be seen that the hydrophobic dumb-bells shift 

i --

-0.55 -0.25 

z/D„ „ 

Figuree 6.9: Difference in pressure profiles An! zi (equation 6.2) in a ht ' t4 t L t bilayer with 
addedd different dumb-bells respect to the pure bilayer. Only half of the pressure profile is 
shown.. The bilayer center is at z = 0, and z has been rescaled by the bilayer hydrophobic thick-
ness,, D, . A schematic representation of the lipids is also shown for a better characterization 
off  the position of the peaks of ATI(Z). The first peak in the graphs (at z « -0.6) corresponds 
too the water/headgroups interface, and the second peak (z ss -0.5) to the headgroups/tails 
interface. . 
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thee local pressure less than the dumb-bells which adsorb at the headgroup interface. 
Thee difference between the amphiphilic and the neutral solutes is due to the smaller 
concentrationn of the latter at the interface, because they have partially diffused into 
thee water phase. The molecules adsorbed at the interface decrease the pressure in 
thee water/headgroup region and increase the pressure at the headgroup/tail inter-
face.. Also, a decrease in pressure going through the hydrophobic core, in the acyl 
chainn region, is observed, while no change in pressure is present in the bilayer cen-
terr (z=0). This local redistribution of pressure, and in particular in the headgroup 
interfaciall  region, could influence the gating mechanism of integral channel pro-
teinss [116], or affect the binding of peripheral membrane proteins [120]. 

Itt is interesting to compare our results with other simulation studies reported 
inn literature. For example, using atomistic MD simulations, Klein and co-workers 
investigatedd the interaction of anesthetic molecules (halotane) [117, 121] and their 
non-anestheticc (or non-immobilizer) analogues (hexafluoroethane) [122] with sat-
uratedd [123] and poly-unsaturated lipid bilayers [119]. They have shown that the 
anestheticc molecules are preferentially absorbed at the head-group region, increas-
ingg the surface area per lipid and inducing structural modifications of the lipid bi-
layer,, while the non-anesthetic molecules are mainly located in the bilayer core, and 
thee lipid bilayer exhibits almost no structural changes compared to the pure lipid. 
Ourr model hydrophobic and neutral molecules have the same solubility in oil since 
theyy both have the same value of repulsion parameter (a = 25) with the tails. Al-
thoughh the neutral molecules largely diffuse in the water phase, if they remain in the 
bilayerr region they locate predominantly near the headgroups, while the hydropho-
bicc molecules are found mainly in the bilayer hydrophobic core. This is consistent 
withh the findings in [117,119,121,122] for the location of the anesthetic halotane and 
thee non-anesthetic hexafluoroethane in lipid bilayers. 

Ourr results indicate that the small molecules that locate preferentially in the bi-
layerr headgroup interfacial region are the most effective in modifying the bilayer 
properties,, and that the partitioning in the bilayer of solutes which have the same 
sizee and chemical nature is largely driven by lateral stresses and density differences 
withinn the bilayer. Molecules adsorbed in a bilayer have as well a large effect on the 
distributionn of the lateral pressures across the bilayer, this effect being very much de-
pendentt on bilayer composition, solute properties, and location of the solutes within 
thee bilayer. 
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7.11 Introductio n 

Thee hydrophobic matching between the lipid bilayer hydrophobic thickness and the 
hydrophobicc length of integral membrane proteins has been proposed as a generic 
physicall  principle on which the lipid-protein interaction in biomembranes is based 
[14,, 20, 124-127]. The energy cost of exposing polar moieties, from either hydro-
carbonn chains or protein residues, is so high that the hydrophobic part of the lipid 
bilayerr 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. It is now known that hydrophobic matching 
iss used in cell membrane organization. For example, the membranes of the Golgi 
havee different thicknesses; along their secretory pathway, proteins that pass through 
thee Golgi undergo changes of their hydrophobic length to match the membrane hy-
drophobicc thickness of the Golgi [128-131]. Hydrophobic matching seems also to 
playy a role in sequestering proteins with long transmembrane regions [132] into sphin-
golipids-cholesteroll  biomembrane domains denoted as 'rafts' [133,134]. The biolog-
icall  importance of rafts and their involvement in Alzheimer's and prion diseases is 
nowadayss an intensively investigated subject [135]. 

Biologicall  membranes have at disposal a number of ways, which may be used in-
dividuallyy or simultaneously, to compensate for hydrophobic mismatch [136]. These 
wayss may imply changes of the membrane structure and dynamics on a microscopic, 
ass well as on a macroscopic scale, and therefore can affect the membrane biolog-
icall  function [137-139]. To adjust to hydrophobic mismatch a membrane protein 
mayy cause a change of the lipid bilayer hydrophobic thickness in its vicinity. Ex-
perimentall  studies on reconstituted systems show that the range of the perturbation 
inducedd by proteins on the membrane thickness varies considerably from system to 
systemm [140-146]. A lipid sorting at the lipid-protein interface may also occur, where 
thee protein prefers, on a statistical basis, to be associated with the lipid type that best 
matchess its hydrophobic surface [147-150]. Another way in which a protein could 
adaptt to a too thin bilayer matrix is to tilt 120, 151-155]. Besides the protein as a 
whole,, also the individual helices of which a protein could be composed may experi-
encee a tilt; there is indeed some experimental evidence that the latter phenomenon 
mayy occur in channel proteins [19], and that a change of the tilt angle of the individ-
uall  helices could be the cause of changed protein activity. Long and single-spanning 
membranee proteins might also bend to adapt to a too thin bilayer. Spectroscopic 
measurementss on phospholipid bilayers with embedded poly(leucine-alanine) a-
helicess suggest that the conformation of long peptides deviates from a straight helical 
end-to-endd conformation 1155,156]. A protein may also undergo structural changes 
too adapt to a mismatched lipid bilayer. Spectroscopy measurements indicate that, in-
deed,, long hydrophobic polyleucine peptides might distort in the C- and N-terminus 
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too reduce their hydrophobic length and thus match the thickness of the lipid bilayer 
inn the gel-phase [157]. Lipid-mediated protein aggregation could also occur to re-
ducee the stress caused by hydrophobic mismatch [145,150,158]. Domains [134] may 
thuss form whose functional properties differ from those of the 'bulk', i.e. the unper-
turbedd bilayer [159-161]. When the degree of mismatch is too large to be compen-
satedd for by the adaptations just described, the proteins might partition between a 
in-planee and a transmembrane orientation, or even avoid incorporation in the mem-
branee [156, 162, 163). The phenomena just mentioned refer to local microscopic 
changess related to mismatch adjustment. Perturbations of the membrane on the 
macroscopicc scale may also occur; these can range from in-plane protein segregation 
andd crystallization, and gel-fluid phase separation [14,147,149,164], to changes of the 
three-dimensionall  structure of the membrane. The formation of non-bilayer phases 
uponn protein incorporation is an example of the latter type of phenomena [165,166]. 

InIn an effort to elucidate the effects caused at the molecular level by the lipid-
proteinn hydrophobic mismatch, and even their implications for the formation of bio-
logicallyy relevant domain-like structures such as rafts, a number of theoretical stud-
iess have been done with the help of different types of theoretical models [7-11,13, 
15-18,167-171].. One of the quantities that has drawn considerable attention in the 
recentt years is the extension of the domain size, which is determined by the the co-
herencee length of the spatial fluctuations occurring in the system. Such fluctuations, 
whichh depend on the thermodynamic state of the system, can be induced, as well as 
sorted,, by proteins. In the past, computer simulations have been made on a lattice 
modell  to compute the extent of the perturbation induced by a protein on the sur-
roundingg lipid bilayer [167]. The results from these simulations indicated that the 
extensionn of the perturbation depends on factors such as the degree of hydropho-
bicc mismatch, the size of the protein [i.e. the curvature of the protein hydrophobic 
surfacee in contact with the lipid hydrocarbon chains), and on the temperature of the 
investigatedd system. Also, it was found that, away from the protein, the perturba-
tionn decays in a exponential manner, and can therefore by characterized by a decay 
length,, Lf>. This length is a coherence length which is a measure of the extension of 
thee range over which the lipid-mediated interaction between proteins may operate. 
Thee decay length is also a measure of the size of small-scale inhomogeneities {i.e. 
domains)) experienced by proteins when embedded in the lipid bilayer. Results from 
modell  studies of a phenomenological interfacial model for protein-like objects in a 
bilayer-likee system, suggest that, under well defined thermodynamic conditions, the 
protein-inducedd perturbation may propagate without decay over a number of lipid 
shellss around the protein (the number of lipid shells being dependent, among oth-
ers,, on the size of the protein), may extend over long ranges, and might eventually 
establishh a thermodynamic phase [14,15]. The phase of the multi-layered region that 
thee protein prefers to be surrounded with is thus said to 'wet' the protein [14,15]. 

Thee type of models briefly mentioned above are relatively crude (in the sense that 
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theyy do not take into full account the three dimensional structure of the bilayer), and, 
forr example, they can not be used to investigate the lipid-induced protein tilting. 
Simulationss on more realistic models, such as all-atom models for lipid bilayers with 
embeddedd proteins, have anyway confirmed that, at least within a time of the order 
off  the nanoseconds, a mismatched protein may induce a deformation of the lipid bi-
layerr structure [10,63,170], and that the deformation is of the exponential type [11]. 
Thee same type of studies have also shown that—although to reduce a possible hy-
drophobicc mismatch synthetic peptides may prefer to deform the lipid bilayer, rather 
thann undergo tilting [171]—tilting may also occur for membrane peptides [7,8]. Inci-
dentally,, the results from these studies indicated that the helical-peptides experience 
aa slight bend in the middle of the helix. 

Noo matter the huge body of experimental and theoretical studies on lipid bilayers 
withh embedded proteins, issues such as the range of the protein-induced lipid bilayer 
perturbation,, its dependence on protein size, and the occurrence of protein tilting (or 
evenn bending) to adjust for hydrophobic mismatch, are still a matter of debate. ! lere 
wee want to focus on these issues by adopting the PPD simulation method to study 
thee behavior of a mesoscopic model for lipid bilayers with embedded proteins. We 
havee focused our attention on the perturbation caused by a membrane protein on 
thee surrounding lipids, its possible dependence on hydrophobic mismatch, protein 
size,, and on temperature. We have investigated whether and to which extent—due to 
hydrophobicc mismatch and via the cooperative nature of the system—a protein may 
preferr to til t (with respect to the normal to the bilayer plane), rather than to induce a 
bilayerr deformation without (or even with) tilting. 

7.22 Computationa l detail s 

7.2.11 Lipi d and protei n model s 

Withinn the mesoscopic approach, each molecule of the system (or groups of mole-
cules)) is coarse-grained by a set of beads. In particular, to model the bilayer and the 
embeddedd proteins, we consider three types of beads: a water-like bead, labeled 'w'; 
aa hydrophilic bead, labeled 'IV, which models a part of the headgroup of either the 
lipi dd or the protein; and a hydrophobic bead, labeled either ' t |' or V , depending on 
whetherr it refers to a portion of the lipid hydrocarbon chain or a portion of the hy-
drophobicc region of protein, respectively. The systems that we have simulated are 
madee of model lipids having three headgroup beads and two tails of five beads each; 
thiss corresponds to the case of acyl chains with fourteen carbon atoms, namely to a 
modell  for a dimyristoylphosphatidylcholine (DMPQ phospholipid, as illustrated in 
figurefigure 2.2 of Chapter 2, and in figure 7.1(a). Within the model formulation, a protein 
iss considered as a rod-like object, with no appreciable internal flexibility , and char-
acterizedd by a hydrophobic length d(>. The model for the transmembrane protein is 
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(a)) (b) 

Figuree 7.1: Schematic representation of a model-lipid (a), and a model protein (Np=43 and 
d|.=411 A) (b). A typical configuration of the assembled bilayer with embedded a model-protein 
(ass results from the simulations) is shown in the snapshot (c). The drawing in (d) shows to 
whichh part of the system the following quantities refer to: the pure lipid bilayer hydrophobic 
thickness,, d", the perturbed lipid bilayer hydrophobic thickness, di.(r), the protein hydropho-
bicc length, dp, the tilted-protein hydrophobic length, dp", and the tilt-angle, (J)11". 
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builtt by connecting ntl, hydrophobic beads into a chain, to which ends nh headgroup-
likee beads are attached. N(> of these amphiphatic chains are linked together into a 
bundle.. In each model protein, all the Mp chains are linked to the neighboring ones 
byy springs, to form a relatively rigid body. We have considered three typical model-
proteinn sizes, two of them referring to a "skinny" peptide-like molecule, and the third 
typee to a "fat" protein. These model proteins consist of NP=4, 7, or 43 chains linked 
togetherr in a bundle. The bundle of Np=7 chains is formed by a central chain sur-
roundedd by a single layer of six other chains. The NF=43 bundle is made of three lay-
erss arranged concentrically around a central chain, and containing each six, twelve, 
andd twenty four amphiphatic chains, respectively. The number of beads at each hy-
drophilicc end of the bead-chains forming the protein is set equal to three. Each pro-
teinn hydrophobic bead, tp, corresponds to a section of a oc- or (3-helical membrane 
protein.. The distance spanned by a bead corresponds approximately to that spanned 
byy a helix turn. About the chosen protein sizes, Np-4, 7, and 43, and their relation to 
thee ones of actual proteins, the hydrophobic section of single-spanning membrane 
proteinss like Glycophorin [172], and the M13 major coat protein from phage [173] 
orr a-helical synthetic peptides [164] may be modeled by a skinny NP=4 type. (3-helix 
proteinss like gramicidin A [165], may be modeled by a Np=7 type. The fat protein may 
bee a model for larger proteins consisting of transmembrane a-helical peptides that 
associatee in bundles, or (3-barrel proteins [174], Specific examples could be bacteri-
orhodopsinn [175], lactose permease [176J, the photosynthetic reaction center [177], 
cytochromee coxidase [178], or aquaglycerolporin [179]. Because we were interested 
inn mismatch dependent effects, we have chosen protein hydrophobic sections com-
posedd of chains with different number of hydrophobic beads: nh=2, 4, 6, 8, 10, and 
12.. To have an idea of what these numbers correspond to in terms of protein hy-
drophobicc length, one can consider that the equilibrium distance between the beads 
iss req=0.7RL; assuming a value of Rc =6.4633 A, the resulting values for the protein hy-
drophobicc lengths wil l be, dP=14 A (4 beads), 18 A (5 beads), 23 A (6 beads), 32 A (8 
beads),, 41 A (10 beads), and 50 A (12 beads). It is worth mentioning that these es-
timatedd protein hydrophobic lengths (which we denoted by dp, to distinguish from 
thee lengths calculated from the simulations), are only meant to be indicative. Be-
causee of the soft interactions involved in DPD, the value of the protein hydrophobic 
lengthh that results from the simulations (and which, in the following, is denoted by 
dp)) might be subjected to a small deviation of the order of 1 A with respect to the 
valuess given above. Figure 7.1(b) shows a cartoon of a model protein of size NP=43, 
whilee figure 7.1(c) shows a snapshot of a typical configuration of the assembled bi-
layerr with the embedded protein, as results from the simulations. 

ModelModel parameters 

Thee non-bonded interactions between the beads are represented by the soft-repulsive 
conservativee force F^ = a;,' 1 - rl f Rc ir^. The values of the parameters referring 
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too the lipid-lipi d and lipid-water interactions have been chosen equal to the ones 
usedd for modeling the pure lipid bilayer system. The numerical values of the inter-
actionn parameters between different bead types are shown in Table 7.1. Regarding 

Tablee 7.1: Repulsion parameters alS for different bead-types. 
Qi ; ; 

W W 

h h 
ti . . 
t p p 

w w 
25 5 
15 5 
80 0 
120 0 

h h 
15 5 
35 5 
80 0 
80 0 

ti i 

80 0 
80 0 
25 5 
25 5 

ti > > 

120 0 
80 0 
25 5 
25 5 

thee protein-protein interactions, the parameters related to the repulsive interactions 
betweenn the beads forming the hydrophilic part of the protein, as well as the ones 
betweenn the hydrophobic beads, have been chosen with the same values as the in-
teractionn parameters between hydrophilic and hydrophobic beads of the lipid, re-
spectively,, i.e. ahh = 35 and a,|ltl, = a,]ti = 25. About the parameter related to the 
interactionn between the protein hydrophobic beads and the water, we have chosen a 
valuee to ensure that the hydrophobic section of the protein was sufficiently shielded 
fromm the water environment. This was done by calculating the interaction energy 
betweenn the protein outer hydrophobic chains and the water, for different values of 
thee repulsion parameter aut| l. The trend in the energy shows the onset of a plateau 
forr awt|, > 120, which was hence the chosen value for the interaction parameter. Two 
consecutivee beads in the lipid or in the protein are connected by harmonic springs 
(equationn 2.13) with spring constant Kr=100 and equilibrium distance ro=0.7. To con-
troll  the lipid flexibility,  a harmonic bond-bending potential between two consecutive 
bondss in the lipid tails was added with bending constant 1^=6 and equilibrium an-
glee 9o = 180°. An additional bond-bending potential was applied between the vectors 
connectingg the lipid tails to the headgroup, with K0=3 and 9o-90°. Compared to the 
lipi dd hydrocarbon chains, the hydrophobic part of membrane proteins can be con-
sideredd fairly rigid; therefore the value of the bending constant in the protein chains 
wass set to Ke = 100, i.e. about an order of magnitude larger than the one used for the 
lipi dd chains. At this point it is important to mention that, although these parameters 
aree chosen such that the system behavior is in reasonable agreement with the exper-
imentall  system, a one to one link to all specific properties is not always possible to 
make. . 

7.2.22 Metho d of calculatio n of statistica l quantitie s 

Wee have studied the physical properties of the system both in the absence and in the 
presencee of the proteins. The pure lipid bilayer hydrophobic thickness, d[J, was es-
timatedd by calculating, for each sampled configuration, the difference between the 
averagee position along the bilayer normal (z direction, considering the bilayer paral-
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lell  to the xy-plane) of the tail-beads attached to the headgroup of the lipids in one 
(top)) monolayer, and of the lipids in the opposite (bottom) monolayer: 

doo = ^ - ( t o p ) _ ^( bottom)) ( ? 1 ) 

wheree zt is the z position of the beads attached to the lipid headgroup. The over-line 
representss an average over the two chains for each lipid and over the total number 
off  lipids in each monolayer, and the brackets indicate that the difference is further 
averagedd over the number of configurations chosen for the statistical sampling. 

Too study the effect of a protein on the surrounding bilayer structure, we have cal-
culatedd the lipid bilayer hydrophobic thickness, d|.(r), as function of the radial dis-
tancee r from the protein hydrophobic surface, namely from the interface with the 
lipi dd hydrocarbon chains, as schematically illustrated in figure 7.1(d). The method 
off  calculation of dL(r) is similar to the method of calculation of d|' as it is explained 
beloww and illustrated in figure 7.2. 

( a )) ( b ) 

Figuree 7.2: Schematic drawing to illustrate the method of calculation of dUr), which is de-
scribedd in details in the text. The protein is represented by a gray cylinder. The figure shows 
thee case when the protein is parallel to the bilayer normal (a), and the case when the protein 
iss tilted with respect to the bilayer normal (b). 

Forr each sampled configuration, we have first calculated the circularly averaged 
valuee of the position along the bilayer normal of the tail-beads attached to the head-
groupp of the lipids within each circular sector k at distance r = kAr from the protein 
surface,, in the bottom and top monolayer separately, i.e. z7>bottom> (r), and z7( topi (r). 
Thee instantaneous value of the bilayer hydrophobic thickness at distance r from the 
proteinn surface is then given by the difference of these two values. This difference 
hass been further averaged over the sampled configurations to give di (r): 

d|.(r)) = <z r " " " ( r ) - z7b o t ," m (r)), r = kAr, V k = 1 , 2 , 3 , . .. (7.2) 

Thee bin size, Ar, was chosen to be of the order of the diameter of the lipid-chain 
projectedd area on the bilayer plane. It is important to note that, if the protein is tilted 
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(figuree 7.2b), the circular sectors at distance r from the protein surface in the top 
andd bottom monolayer are shifted respect to each other in the bilayer plane, and the 
valuee of di (r i calculated with the described method is an approximated value of the 
actuall  thickness in the vicinity of the tilted peptide. However, this value converges to 
thee correct value in the bulk at distances sufficiently far from the protein. Moreover, 
becausee of the tilt , the conformation of the lipids around the protein might not be 
symmetric.. We want to point out that these possible effects due to the asymmetry of 
thee protein orientation in the bilayer have been averaged out. 

Thee behavior of d| (r) allowed us to access the extension of the protein-mediated 
perturbationn on the bilayer. Based on previous theoretical finding [167], we first as-
sumedd that the perturbation induced by the protein on the surrounding lipids is of 
exponentiall  type. We have then verified this assumption later by analyzing the de-
viationn of the functional form of the calculated di.(r) from the assumed one. If the 
behaviorr of di.(r) is exponential, the protein-induced perturbation can be expressed 
inn terms of a typical coherence length, the decay length £,|>: 

di.(r)) =d(,).+ (dP-d ï , )e '" L". (7.3) 

wheree d£ is the mean hydrophobic thickness of the unperturbed pure lipid bilayer, 
andd dp is the protein hydrophobic length. The above equation expresses the fact 
thatt away from the protein surface, and at distances at least of the order of Lp, the 
perturbedd di.(r) decays to the bulk value d", namely the value corresponding to that 
off  the pure lipid system at the considered temperature, if no finite-size effects are 
present.. In principle, by knowing di (r), dp, and d° and by using equation 7.3 one 
cann estimate £,P. In our case, we have determined the value of £,p by best-fitting the 
valuess diJrl resulting from the simulations with equation 7.3, where £.p and d" are 
thee fitting parameters. About the resulting value of the parameter d" obtained by the 
best-fitting,, we have verified that this is equal, within the statistical accuracy, to the 
valuee of the lipid bilayer hydrophobic thickness in the bulk, and directly calculated 
fromm the simulations. 

Sincee the protein can be subjected to tilt , the input parameter we used for the fit 
iss not the actual hydrophobic length of the model-protein, dp (or even the a priori 
estimatee of it, dp), but instead an effective length, dpff. This effective length is defined 
ass the projection onto the normal of the bilayer plane of the protein hydrophobic 
lengthh directly obtained from the simulations: dpff = dp cos((J)"lt 1, where tyuh is the 
til tt angle (see figure 7. Id). To calculate the degree of tilting of a protein with respect 
too the bilayer normal we have considered, for each chain of the protein, the vector 
thatt connects the position of the two hydrophobic beads bound to the protein hy-
drophilicc beads {i.e. close to the lipid-water interface), one located in one monolayer 
off  the bilayer, and the other in the opposite monolayer. The til t angle, 4)tl!t , is defined 
ass the average value, over all the chains of a protein, of the angle between this vector 
andd the bilayer normal. 
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Inn some cases, to facilitate the interpretation of the data obtained from the simu-
lations,, it was necessary to determine the degree of order/disorder of the lipid chains 
inn the vicinity of the protein, and eventually to compare it with the one of the pure 
lipi dd bilayer, i.e. in the bulk, away from the protein-induced perturbation. Therefore, 
wee have calculated the value of the lipid chain order parameter, Sir), which is defined 
ass follows: 

SS - -(3cosz4>s - 1 K (7.4) 

with h 
T{]T{]  n Z[] 

COSCJJSS = = — , (7.5) 
Hii  rn 

wheree cj)s is the angle between the orientation of the vector r^ = r\ - T{ (r^ = rl5 ) 
alongg two consecutive lipid chain beads, i, j , and the bilayer normal unit vector, ri. 
S(r)) has been independently calculated foreach of the two monolayers of the bilayer, 
ass well as averaged over all the bonds of the lipid chains at distance r from the surface 
off  the protein. 

7.33 Result s and discussio n 

InIn this section we present the results from the simulations of the lipid bilayer model-
systemm with embedded proteins. We focus on the low protein-concentration regime, 
wheree the correlation between different proteins can be neglected, and hence con-
siderr bilayers with embedded a single protein. 

Too investigate the dependence on mismatch and protein size on the lipid bilayer 
aroundd an embedded protein we first studied the behavior of the system at a con-
stantt temperature, well above the pure lipid bilayer transition temperature. Since 
thee bilayer hydrophobic thickness varies with temperature, a way to change the hy-
drophobicc mismatch is by changing temperature. Hence, we studied the behavior of 
LpLp and 4)tih in the temperature range above the melting temperature of the pure sys-
tem,, i.e. in the fluid phase, and fora number of lipid-protein model-systems. Finally, 
forr few hydrophobic mismatch conditions and for few selected temperatures below 
thee melting temperature, we investigated how the phase behavior of the pure lipid 
systemm in the gel-phase affects the localization and orientation of the proteins in this 
phase. . 

Thee results discussed next refer to lipid bilayers of 900 lipids and 22500 water 
beadss {i.e. 25 water beads per lipid), corresponding to a fully hydrated bilayer. We 
havee made calculations for smaller systems, and we have found that a size corre-
spondingg to 900 lipid molecules was sufficient to avoid finite-size effects, at least for 
temperaturess close or above the main-transition temperature. Before collecting the 
dataa used to estimate statistical quantities, we have first equilibrated each bilayer 
svstemm for 20,000 DPD-MC cycles. In each cycle it was chosen (with a probability of 
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70%)70%) whether to perform a number of DPD steps or an attempt to change the box 
aspectt ratio according to the imposed value of the surface tension, y = 0. After equi-
libration,, data were collected over 50,000 DPD-MC cycles, at y = 0. The statistical 
averagess were then made over configurations that were separated from one another 
byy 50 DPD steps. On average, 10,000 independent configurations were considered 
forr the statistical averages. 

7.3.11 Protein-induce d bilaye r perturbatio n 

Thee results shown next refer to the reduced temperature T"=0.7, well above the melt-
ingg temperature of the system, i.e. in the fluid phase. The pure lipid bilayer hy-
drophobicc thickness calculated at this reduced temperature is ) A. Fig-
uree 7.3 shows the calculated bilayer hydrophobic thickness profile, diJr), as a func-
tionn of the distance r from the protein surface. The data refer to different values of 
dp,, resulting in different values of hydrophobic mismatch Ad, ranging from Ad=-8A 
too 28A, and to the three protein sizes, which correspond to Np —4, 7, and 43. Because 
thee probability of finding a lipid molecule in the lipid-shell closest to the protein is 
muchh lower than in the other lipid-shells, the data collected at a distance r = Ar from 
thee protein surface have not been considered for the statistics. 

Onee can clearly see from the curves in figure 7.3 that the protein induces a per-
turbationn of the lipid bilayer in its vicinity. The perturbation decays in a manner that 
dependss on the hydrophobic mismatch and on protein size. If the protein hydropho-
bicc length is smaller than the unperturbed bilayer hydrophobic thickness (dp < df), 
i.e.i.e. negative mismatch, Ad < 0 (open symbols), the lipids around the protein shrink 
too match the protein hydrophobic surface. By choosing the peptide hydrophobic 
lengthh to approximately match the value of the hydrophobic thickness of the unper-
turbedd lipid bilayer, i.e. Ad R=0 (crosses), one can clearly see from figure 7.3 that the 
perturbationn induced by the protein on the surrounding lipids becomes negligible. 
Instead,, when the chosen protein is such that dp > d", i.e. Ad > 0 (full symbols), to 
matchh the protein hydrophobic surface the lipids in the vicinity of the protein stretch 
andd become more gel-like than the bulk lipids, far away from the protein. 

Figuree 7.4 shows the thickness profiles for two values of mismatch Ad--10 A, and 
Ad=177 A, and for the three considered protein sizes. The symbols indicate the data 
obtainedd directly from the simulations, while the continuum line is obtained by best-
fittingg with the function in equation 7.3, where df' and ip are the fitting parameters 
(andd where d£M is the input parameter). For convenience, we have drawn a horizon-
tall  dashed line to indicate the value of the pure lipid bilayer hydrophobic thickness, 
d",, calculated at the same reduced temperature considered for the simulations of 
thee mixed systems. To help the interpretation of the data, the values of the protein 
hydrophobicc length, dp, directly calculated from the simulations, and of dp", the pro-
jectedd protein hvdrophobic length onto the normal to the bilaver plane, are also plot-
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Figuree 7.3: Lipid bilayer hydrophobic thickness profiles, di.(r) as function of the distance r 
fromm the protein surface, for different hydrophobic mismatch Ad = dP - d°, and for the three 
proteinn sizes NP=4, 7 and 43. The data refer to the reduced temperature T*=0.7, which is well 
abovee the main-transition temperature of the pure system (1^=0.425). The calculated pure 
lipidd bilayer hydrophobic thickness at T*=0.7 is ) A. The symbols for Ad refer to 
thee following estimated values of the protein hydrophobic length: the open circle to dP=14 A 
(negativee Ad), the open triangle to dP=18 A (negative Ad), the plus to dP=23 A (Ad w 0), the full 
trianglee to dP=32 A (positive Ad), the full circle to dP=41 A (positive Ad), and the full diamonds 
too dP=50 A (positive Ad). 
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tedd (see gray and white rectangular areas). The best fit is obtained with the values of 
thee fitting parameters given in Table 7.2, for the three chosen protein sizes, and for 
varyingg values of mismatch, i.e. protein hydrophobic thickness. 

Tablee 7.2: Values of the decay length, £,|», the pure lipid bilayer hydrophobic thickness d" (both 
derivedd from fitting the thickness profiles di in by using Fq, 7.3), the protein hydrophobic 
length,, dp, and the effective protein hydrophobic length, dp" (both calculated from the simu-
lations)) given for different values of hydrophobic mismatch, Ad, and for the three protein sizes 
correspondingg to N}.=4, 7 and 43. The data refer to simulations made at the reduced tempera-
turee T"=0.7, well above the main-transition temperature of the pure lipid bilayer system. The 
puree lipid bilayer hydrophobic thickness calculated at this temperature is dj'=(23.6+0.2) A. In 
thee case of approximately zero mismatch (Ad=-lA), the values of £,i> and d[̂  are not calculated. 

Protein n 

NP=4 4 

NP=7 7 

Nf.== 43 

Add [A] 

-10 0 
-6 6 
-1 1 
8 8 
17 7 
26 6 
-10 0 
-6 6 
-1 1 
8 8 
17 7 
28 8 
-10 0 
-6 6 
-1 1 
8 8 
17 7 
26 6 

LvLv [A] 
fitted fitted 

9.33  0.3 
11.99 3 

* * 
9.66 7 
9.77 7 
12.33 6 
10.11 4 
12.44 7 

* * 
9.44 8 
11.88  0.7 
12.44 8 
12.88 8 

177 2 
* * 

100  1 
122  1 
122  1 

dj>> [A] 
fitted d 

24.00 1 
23.99 1 

* * 
23.44 1 
23.44 2 
23.22 1 
24.22 1 
24.00 1 

* * 
23.55 1 
23.22 2 
23.33  0.2 
24.22 1 
24.33  0.2 

* * 
23.22 3 
22.55 6 
22.11 8 

dpp [A] 
computed d 

15  1 
200 rt 1 
244  1 
344  1 
433  1 
533  1 
155  1 
19  1 
244  1 
333  1 
422  1 
511  1 
144  1 
199  1 
244  1 
333  1 
433  1 
522  1 

afaf [A] 
computed d 

155  1 
19  1 
244  1 
322  1 
355 3 
366 3 
14  1 
19  1 
233  1 
322  1 
399 2 
399 3 
144  1 
199  1 
244  1 
333  1 
433  1 
511 2 

Att negative mismatch, no difference is observed between dp and d[f, as can be 
seenn by looking at figure 7.4(a,c,e). This means that the orientation of the protein is 
perpendicularr to the bilayer plane, hence dP=dpff . However, for a positive mismatch 
tooo large to be compensated for by fully stretching the lipids in the vicinity of the 
protein,, another effect can be observed; the peptide tilts in order to decrease its ef-
fectivee hydrophobic length. The effect is much more pronounced in the case of the 
skinnyy protein (Np=4) than for the larger protein, as can be seen by comparing figures 
7.4b,dd with figure 7.4(f); where in the former cases d£ff is much shorter than the ac-
tuall  protein hydrophobic length. The values of d|ff and dP shown in Table 7.2 confirm 
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Figuree 7.4: Calculated values of di (r) (open circles) and fitting ones using expression 7.3 (solid 
line)) as a function of the distance r from the protein surface. The data refer to the three protein 
sizess NP=4, 7, and 43; and to two values of the protein hydrophobic length dp=14A (Ad=-luA) 
andd 4iA (Ad=17A). Also shown is the 'level' value of the unperturbed lipid bilayer thickness 

)) A (dashed line), the calculated protein hydrophobic length dp (gray area), and 
thee effective protein hydrophobic length dpff (white area), which is defined as the projection of 
dpp onto the normal to the bilayer plane. The data refer to simulations at the reduced temper-
aturee T*=0.7. 
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thatt this is also the case for the other values of positive mismatch. The derived val-
uess of LP (using equation 7.3) as function of protein size and hydrophobic mismatch, 
whichh are shown in Table 7.2, indicate that there is a mismatch dependence of the 
perturbationn caused by the protein on the surrounding lipids. For a given protein 
size,, Np, if the mismatch is negative, the correlation length increases with decreas-
ingg mismatch (absolute value), while for positive mismatch the opposite happens, 
andd the correlation length increases with increasing mismatch. Also, in the case of 
negativee mismatch the decay length increases by increasing the protein size. Instead 
theree is no detectable £p dependence on NP in the case of Ad > 0, at least at the con-
sideredd temperature, i.e. well above the melting temperature of the pure system. The 
scenarioo is somehow different when the temperature decreases and approaches the 
transitionn temperature, as it is discussed in the next section. 

Figuree 7.4f shows that, for the large protein (NP=43), the lipid thickness profile 
di.(r)) differs from an exponential one. The effect is even more pronounced at lower 
temperaturess (data not shown), at least in the case of negative mismatch (since lower 
temperaturee means larger negative mismatch). This non-exponential behavior, and 
thee possible reason for it, wil l be discussed later. 

Tablee 7.2 also gives the values of the pure lipid bilayer hydrophobic thickness d" 
obtainedd from the best fit of d[ (r) using equation 7.3. For all the considered cases, the 
valuess of d[' (fitted) compare well with the value of the pure lipid bilayer hydrophobic 
thickness,, d["=23.6 A, obtained directly from the simulation at the considered tem-
perature. . 

7.3.22 Lipid-induce d protei n tiltin g 

Thee protein til t angle with respect to the bilayer normal as function of Ad and pro-
teinn size Np is shown in figure 7.5. The snapshots on the right show typical config-
urationss of the system, for a fixed value of the protein hydrophobic length, for the 
threee protein sizes, NP=4, 7, and 43, and for the largest (positive) value of mismatch, 
Ad=266 A, at the considered temperature, T*=0.7. For Ad < 0 the til t angle is very 
small,, and is within the statistical tilt-fluctuations to which the protein is subject 
inn the bilayer; as the protein hydrophobic length increases (and the mismatch be-
comess positive), the protein undergoes a significant tilting. Also, for equal values of 
hydrophobicc mismatch, the "thinner" protein (Np=4) is much more tilted than the 
"fatter""  one (NP=43). These results, combined with the one discussed above, suggest 
thatt in the case of proteins with small surface area, the main mechanism to com-
pensatee for a large hydrophobic mismatch is the tilt , while in the case of proteins 
withh a large surface area, that cannot accommodate a too large tilt , the mismatch is 
mainlyy compensated for by an increase of the bilayer thickness around the protein, 
ass is clearly illustrated by the snapshot in figure 7.5 (NP=43). 
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Figuree 7.5: Protein tilt-angle et/'" as function of mismatch, Ad. The data refer to a reduced 
temperaturee of T*  =0.7 and to the three considered protein sizes N,.=4, 7 and 43. The dashed 
liness are only meant to be a guideline for the eye. Typical configurations of the systems result-
ingg from the simulations are shown on the right. Starting from the top, the snapshots refer to 
proteinss sizes NP=4, 7 and 43. In the three cases the protein hydrophobic length is dP=50 A, 
hencee the hydrophobic mismatch is Ad=26 A. 

Theoreticall  studies based on MD simulations on all-atom models have pointed 
outt the possibility that oc-helical hydrophobic peptides may til t when subjected to 
positivee mismatch conditions [7,8,171], the degree of tilting depending on the spe-
cificc system. The occurrence of protein tilting has also been confirmed experimen-
tally.. In fact, the results from very recent experimental investigations by solid state 
NMRR spectroscopy [155] show that cx-helical model peptides — of fixed hydrophobic 
lengthh and with a hydrophobic leucine-alanine core, and tryptophan flanked ends 
—— experience til t when embedded in phospholipid bilayers of varying hydrophobic 
thicknesss (such that dp > df, i.e. Ad > 0). It was found that the til t angle increases by 
systematicallyy increasing hydrophobic mismatch; however, the til t dependence on 
hydrophobicc mismatch was not as pronounced as one would have expected, given 
thee degree of mismatch. This result brought the authors to conclude that the til t of 
thesee peptides is energetically unfavorable, and to suggest that the (anchoring) ef-
fectss by specific residues such as tryptophans are more dominant than mismatch 
effect.. A large til t is instead experienced by the M13 coat protein peptide when em-
beddedd in phospholipid bilayer of varying hydrophobic thickness [154]. For values 
off  mismatch of the same order of the one experienced by the synthetic peptides just 
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mentionedd [155], the degree of tilting experienced by Ml3 peptide is much higher. 
Ourr simulation data indicate a dependence of the protein-tilt angle on mismatch in 
agreementt with the experimental data just discussed. Incidentally, the results from 
ourr simulations suggest that, when a skinny peptide (Np =4) is subjected to a large 
positivee mismatch (dp > d"), it might bend—besides to experience a tilt—as can 
bee seen by looking at the snapshot shown on the top-right of figure 7.5. Also, as 
soonn as the positive mismatch decreases, the bending disappears, although the pep-
tidee still tends to remain tilted. Results from MD simulations on a all-atom model 
off  a poly(32)alanine helical peptide embedded in a dimyristoylphosphatidylcholine 
(DMPC)) bilayer show that this type of helix, not only tilts by 30° as a whole with 
respectt to the bilayer normal, but it also experiences a bend at its middle [7]; MD 
simulationss have also shown a similar tendency for a poly(16)leucine helical peptide 
embeddedd in a DMPC bilayer [8j. From the experimental point of view, it is now 
possiblee to detect peptide/protein bending by NMR spectroscopy [ 155,180]. Indeed, 
thee data from Strandberg et al. [155] on the behavior of a synthetic leucine-alanine 
oc-helicall  peptide in lipid bilayers of varying thickness, do indicate that, for large posi-
tivee mismatch, the peptides might experience bending (besides tilting), in agreement 
withh our observations. However, we must point out that the occurrence, or extent, of 
bendingg of the small peptide (NP=4) might very well be dependent on the value of 
thee bending constant, Kti, chosen to model the stiffness of the protein chains. 

7.3.33 Thermotropi c behavio r 

FluidFluid phase 

Wee now discuss the response of the lipid-protein system when the temperature de-
creasess and approaches the main-transition temperature, T* r The dependence of £,p 
onn the reduced temperature, T", where T" > T*v is shown in figure 7.6, for two val-
uess of protein hydrophobic length dp=14 A and dP=41 A. These values were chosen 
too fulfil l the condition that either Ad < 0 or Ad > 0, respectively, even if by chang-
ingg temperature the lipid bilayer hydrophobic thickness, and consequently Ad, may 
change.. The data refer to two protein sizes, NP=7 and 43. The behavior of £,P shown 
inn figure 7.6 indicates that the closer the temperature is to the main-transition tem-
perature,, the longer is the perturbation caused by the protein on the surrounding 
lipids.. This is probably due to the enhanced density fluctuations that occur in the 
puree system close to the transitions temperature. Also, for negative mismatch, there 
iss a pronounced dependence of £,P on the protein size, the larger the protein is, the 
longerr the correlation length becomes. The dependence on protein size can be quali-
tativelyy explained by the fact that the larger the protein, the smaller its curvature, and 
thereforee the influence of a given portion of the protein hydrophobic surface extends 
too more lipids. Although for positive mismatch the dependence on protein size is not 
thatt pronounced, the values of £,P in the case of the large protein are systematically 
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Figuree 7.6: Decay length £,P dependence on reduced temperature T*  (T*  > T*„) , for two values 
off  protein hydrophobic length dP=14 A (a) and dP=41 A (b). These values were chosen to fulfil l 
thee condition that either Ad < 0 (dP=14 A) or Ad > 0 (dP=41 A), even if by changing tempera-
turee the lipid bilayer hydrophobic thickness may change, and consequently Ad. The data refer 
too two protein sizes, IMP=7 and 43. The dashed lines are only a guideline for the eye. 

higherr than the ones related to the small protein. 

Thesee findings are consistent with the results obtained from Monte Carlo simu-
lationss on lattice models [167], which predicted that the temperature dependence 
off  the decay length has a dramatic peak at the transition temperature. They are 
alsoo consistent with results from MD simulations on all-atom models. In fact, data 
fromm recent MD simulations on bilayers of fluid POPE and POPC with embedded the 
membranee channel aquaglycerolporin [11] show that when the hydrophobic length 
off  the protein is shorter than the pure lipid bilayer hydrophobic thickness, the lipids 
closee to the lipid-protein interface compress to favor hydrophobic matching, thus 
inducingg a curvature in the bilayer. Also, the mismatch-induced perturbation is of 
exponentiall  type, and can be characterized by a decay length around L,P =10 A. Simu-
lationss on POPC bilayers with embedded a much smaller protein than aquaglycerol-
porin,, the membrane channel gramicidin A, suggest that this channel induces per-
turbationn having a coherence length that is smaller than that in the case of aquaglyc-
erolporinn [181]. 

Att the present stage of experimental development, estimates of the range of the 
perturbationn that proteins such as Bacteriorhodopsin [143, 146], lactose permease 
[148],, and the synthetic alpha-helical peptides [182,183), induce on the surrounding 
lipids,, suggest that the perturbation might be mismatch and protein-size dependent, 
thee larger the protein the more long range the perturbation, consistent with the theo-
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reticall  predictions discussed here. If the coherence length associated to the protein-
inducedd perturbation is dependent on protein size, one would expect that bilayer 
activitiess affected by changes of the coherence length, might be thus be affected by 
proteinn sizes. This is indeed the case for the phenomenon of flip-flo p of phospho-
lipidss in bilayers. In fact, experimental data on flip-flo p suggest that the larger the 
proteinn size (hence the smaller its curvature at the interface with the lipid chains) the 
moree reduced is the ability of the protein to cause flip-flo p [184]. 

Itt is worth mentioning that the larger the protein size is, the more the behavior 
off  di.(r) obtained from our DPD simulations differs from the one of the exponential 
functionn used for the best fitting. This could already be seen by looking at figure 7.4f 
(att a temperature well above the main-transition temperature) for NP=43 and in the 
casee of negative mismatch. Figure 7.7 illustrates more in details the non-exponential 
dependencee of the lipid bilayer thickness profile on r. The figure shows the calculated 
valuess of di(r) (open circles) and the fitting ones using expression 7.3 (solid line). The 
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Figuree 7.7: The calculated values of di.(rl (open circles) and the fitting ones using expression 
7.33 (solid line) as a function of the distance r from the protein surface. The data refer to a pro-
teinn size N|.=43, and to the following cases: (a) Ad=-12A (dP=14 A) andT*=0.5, and (b) Ad=19 
AA (dp=41 A) and T*  = 1.0, where in both cases the temperature is above the melting temperature 
off  the pure system. The dashed line indicates the value of the pure lipid bilayer hydrophobic 
thicknesss d° at the considered temperature. Also shown are the calculated protein hydropho-
bicc length dp (gray area), and the effective protein hydrophobic length dp" (white area), which 
iss defined as the projection of dp onto the normal to the bilayer plane. 

dataa refer to a protein size NP=43, and to the following two cases: (a) Ad=-12 A (dF=14 
A)) andT*=0.5,and (b) Ad=19A(dP=41 A) andT' = 1.0. In the case of positive and large 
mismatchh (dP > d°) (but low enough to avoid protein tilting), figure 7.7(b) indicates 
thatt the lipids in the layers closest to the protein surface are characterized by gel-
likee chain in order to minimize the hydrophobic mismatch; surprisingly, next to this 
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lipid-orderedd region, there appears a few-layer thick region (which for convenience 
wee denote 'undershooting' region) where the bilayer has an hydrophobic thickness 
thatt is less that the one in the bulk. This undershooting phenomenon is probably due 
too the fact that, on the one hand, the system has to satisfy the boundary-constraint 
imposedd by the value of the hydrophobic bilayer thickness of the bulk; and, on the 
otherr hand, the system has to adjust to the perturbation caused by the protein in 
suchh a way to hold the bilayer density constant, also close to the protein. We suggest 
that,, if the protein is large enough that tilting is unfavorable, and if the mismatch is 
largee enough that even the ordered (gel-like) lipids closest to the protein are not able 
too match its hydrophobic surface, a void is formed in the center of the bilayer. To fill 
thiss void and maintain the constraint of uniform density in the bilayer core, the lipid 
chainss in the 'undershooting' region might til t and bend toward the protein. This hy-
pothesiss is indeed consistent with the fact that, although the end-to-end distance of 
thee lipids in the undershooting region is approximately equal to the one of the lipids 
inn the bulk, the projected length on the bilayer normal is shorter than the one of the 
lipidss in the bulk. Therefore, in the undershooting region, the bilayer hydrophobic 
thicknesss is smaller than in the bulk. 

Inn the case of dp < dj3 (see figure 7.7a), the bilayer in a neighboring region (which 
inn this case we call 'overshooting' region) to the one closest to the protein interface 
hass an hydrophobic thickness that is higher than the one of the lipid bilayer in the 
bulk.. This might be explained by the fact that the lipid chains nearest to the protein 
mightt til t (and possibly bend) to satisfy the matching constraint. At the same time the 
lipidss in the 'overshooting' region stretch their chains (i.e. become more gel-like) to 
satisfyy the constant-density constraint. This is consistent with the fact that, in the re-
gionn closest to the protein (the so-called 'annulus'), the values of the order parameter 
off  the lipid chains, and of both the lipid end-to-end distance and projected length, 
aree smaller than the values in the bulk. This shows that the lipids closest to the pro-
teinn are more disordered and might bend to match the protein hydrophobic length 
(whichh is shorter than the bilayer thickness at the considered temperature). On the 
otherr hand, the projected length on the bilayer normal of the lipids in the overshoot-
ingg region is slightly longer than the one of the lipids in the bulk; also the order pa-
rameter,, S, in the overshooting region is higher than in the bulk. This indicates that 
thee lipids in this region are more stretched and ordered {i.e. gel-like) than the lipids 
inn the bulk. Finally, we want to point out that the overshooting/undershooting effect 
seemss not to be due to finite-size effects. 

Theree could be a number of interesting biological implications if a curved struc-
turee resulting from the overshooting/undershooting effect occurs around proteins 
embeddedd in biological membranes. Its presence could affect the permeability prop-
ertiess of the membrane in the vicinity of each protein; it could be a basis for lipid-
sortingg in the vicinity of the protein and when more than one lipid species is present 
inn the system; it could also be a way to regulate protein-protein contacts, hence pro-
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teinn lateral distribution; finally, it could create a fertile (or adverse) ground for the 
attachmentt of fusion peptides, which are known to enter the bilayer in a oblique 
mannerr [185,186], and thus could be favored by the presence of tilted lipids. It could 
alsoo cause a change in the lateral pressure profile around each protein, which in turn 
couldd induce conformational changes in the proteins. Furthermore, if there exists 
ann overshooting/undershooting effect, one should be careful in the interpretation 
off  results obtained from spectroscopic measurements of the lipid order parameter 
S;; if the protein concentration is high enough that there is a sufficient number of 
overshooting/undershootingg lipids around the isolated proteins, calculation of the 
lipidd bilayer hydrophobic thickness from measurements of S could give underesti-
mation/overestimationn of the value of the hydrophobic thickness. 

GelGel phase 

Finally,, we discuss the behavior of the lipid-protein system below the melting tem-
perature,, i.e. in the gel phase. The results from the simulations are illustrated in two 
figures.figures. Figure 7.8 shows the snapshots of two typical configurations obtained from 
thee simulation of bilayers with embedded a NP=43 protein. The simulations are done 

( a ) A d >00 ( b ) A d <0 

Figuree 7.8: Snapshots of two typical configurations of lipid-protein bilayers at a reduced tem-
peraturee T" =0.25, corresponding to theLp < or gel-phase. The calculated value of the pure lipid 
bilayerr thickness is ) A. In (a) is shown the case of a protein of size NP=43 and 
dp=500 A, thus subjected to a positive mismatch Ad=13 A, while in (b) is shown the case of a 
NN p=43 size protein, but with di>=14 A, thus subjected to negative mismatch Ad=-23 A. 

att a reduced temperature T*=0.25, corresponding to the L(v or gel-phase. The pure 
lipidd bilayer in the Lp< is characterized by a tilted orientation of the lipids, as previ-
ouslyy discussed. The calculated value of the pure lipid bilayer thickness at this re-
ducedd temperature is ) A. In figure 7.8(a) is shown the case of a protein 
withh dp=50 A, thus subjected to a positive mismatch Ad=13 A. The response of the 
proteinn to the positive mismatch is to til t slightly to decrease its effective length, and 
thuss orient parallel to the tilted lipids in the gel-state. 
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AA somehow different scenario arises when a protein is subjected to a negative 
mismatch,, as illustrated in the snapshot in figure 7.8(b), which shows a typical con-
figurationfiguration obtained from the simulations on a bilayer with embedded a protein with 
dp=144 A, thus subjected to negative mismatch Ad=-23 A. In this case the protein ori-
entss antiparallel to the orientation of the lipids; also, the lipids in the vicinity of the 
proteinn interdigitate to decrease the bilayer hydrophobic thickness and thus fulfil l 
thee matching condition. To better illustrate this phenomenon, we have depicted the 
end-beadd of of the lipid chains in darker color. From the snapshot in figure 7.8(b) it 
cann be seen that, in the vicinity of the protein, the end-tail of the lipids in one mono-
layerr are close to the headgroups of the lipids in the opposite monolayer. 

Ass described in section 5.3 of Chapter 5, by increasing the temperature above 
T*=0.35,, the pure lipid bilayer undergoes a transition from the L|5< phase to a 'stri-
ated'' phase that resembles the Pp< phase of phospholipid bilayers. Interestingly, 
uponn incorporation of a protein, and depending on the mismatch condition, the pro-
teinn segregates into the striated region whose hydrophobic thickness better matches 
thee protein hydrophobic length. This is clearly shown in the snapshots in figure 
7.9,, which depict two typical configurations of the systems at a reduced temperature 
T*=0.4,, and in the case of proteins with dP=41 A and 18 A, respectively. The calculated 
valuee of the pure lipid bilayer hydrophobic thickness is d,ü ) A. Both cases 
referr to a protein of size N P=7. For positive values of hydrophobic mismatch (see fig-

fa)) Ad> 0 (b)Ad<0 

Figuree 7.9: Snapshots of two typical configurations of lipid-protein bilayers at a reduced tem-
peraturee T""=0.4, in the 'striated' gel phase, which resembles the Pp- phase in phospholipid 
bilayers.. The calculated value of the pure lipid bilayer hydrophobic thickness is d" = ) 
A.. In (a) is shown the case of a protein of size NP=7 and dp=41 A, thus subjected to a positive 
mismatchh Ad=ll A, while in (b) is shown the case of a NP=7 size protein, but with dP=18 A, 
thuss subjected to negative mismatch Ad=-12 A. 

uree 7.9(a)), the protein prefers to segregate in the striated region formed by lipids in 
thee gel-like state. Instead, in the case of negative mismatch, the protein prefers the 
regionn where the chains are fluid-lik e (see figure 7.9(b)). The interplay between the 
underlyingg structure of the striated phase and the mismatch-induced perturbation 
couldd provide a mean to tune the lateral organization of membrane proteins, and 
thuss control their segregation in the two-dimensional ordered structure. To under-
standd how ordered structures might form is important because scattering methods 
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makee use of ordered structure as a matrix to determine the three-dimensional struc-
turee of proteins [187,188]. 

7.44 Conclusio n 

Wee have presented a mesoscopic model for iipid bilayers with embedded proteins, 
whichh we have studied with the Dissipative Particle Dynamics simulation method. 
Onee of our aims was to point out the advantages of the DPD-simulation-CG-model 
approachh by addressing some simple issues related to the collective nature of a three-
dimensionall  membrane system, a lipid bilayer containing just one lipid species and 
ann embedded protein. More specifically, we have investigated the effect due to mis-
matchh and protein size on the perturbation induced by the protein on the surround-
ingg lipid bilayer. The perturbation around the protein was quantified in terms of the 
bilayerr hydrophobic thickness profile. We found that the profile may have an ex-
ponentiall  form, decays to the value of the thickness of the unperturbed system (i.e. 
withoutt protein), and can be characterized by the coherence length, £,]>, of the spatial 
fluctuationn around the protein. We found that, under well defined thermodynamic 
conditions,, the value of £,P may depend on mismatch and protein size, the larger the 
mismatch/sizee the larger i?. Also, we found that to adapt to a too thin bilayer the 
proteinn may tilt (or even bend) in a manner which is mismatch and protein-size de-
pendent.. We have found that the model predictions are in qualitative agreement with 
previouss theoretical and experimental findings. We want to stress that the phenom-
enaa that we have investigated with the DPD simulation method involve molecular 
rearrangementss in the membrane plane via, among others, diffusion of molecules 
whosee time scale might be outside the range of investigation of more 'traditional' 
simulationn techniques, such as MD. The results discussed above refer to a model for 
DMPCC bilayers. The trend shown by these results can also be applied to lipid bilay-
erss with other types of phospholipids, i.e. with longer or shorter hydrocarbon chains 
thenn the ones of DMPC. We would like to conclude by saying that the predictions that 
arisee from numerical simulation studies of model systems, such as the one presented 
here,, may be used as a complementary tool to experimental studies to reveal infor-
mationn not otherwise accessible; also, results from numerical studies can provide a 
frameworkk for the interpretation of experimental data, as well as serve as a source of 
inspirationn for future experiments. 
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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. 



Samenvatting Samenvatting 

Biologischee membranen, zoals die gevonden worden in alle levende cellen, zijn com-
plexee systemen. Ze bevatten veel verschillende molekulen en vertonen dynamische 
enn strukturele eigenschappen die vele ordes van grootte omvatten, zowel in lengte-
alss tijdschaal. De karakterisatie van de struktuur van lipide bilagen, hun thermo-
dynamischh and dynamisch gedrag, de afhankelijkheid van deze eigenschappen van 
dee samenstelling van het membraan, zowel als de wisselwerking van de lipide bi-
laagg met andere molekulen, zijn sleutelvragen om te begrijpen hoe een membraan 
werktt en hoe specifieke funkties uitgevoerd worden. Verschillende benaderingen 
kunnenn worden gebruikt om deze vragen aan te pakken. Disciplines zoals biolo-
gie,, biochemie en natuurkunde, hebben verschillende en elkaar complementerende 
methodenn gebruikt om deze complexe systemen te onderzoeken. Computer simu-
latiee is een relatief nieuwe methode, die nuttig is gebleken bij het bestuderen van 
gecondenseerdee materie. Vanuit het gezichtspunt van de fysicus is een membraan 
eenn zacht, quasi twee-dimensionaal aggregaat. Ten gevolge van de niet-covalente 
wisselwerkingg tussen de lipiden die de bilaag vormen, is een membraan vloeibaar. 
Lipidenn en andere molekulen kunnen in het vlak van de bilaag diffunderen, of van de 
enee monolaag naar de andere springen, kleine ionen of molekulen kunnen erdoor 
heenn en eiwitten kunnen worden opgenomen. Maar een membraan is geen vloeistof 
inn de zin dat het een barrière vormt, naar men aanneemt semi-permeabel, waar grote 
molekulenn niet doorheen kunnen, en dat de eigenschappen heeft van een elastis-
chee plaat. Het kan buigen, heeft een specifieke stijfheid en het kan samengedrukt of 
uitgerektt worden. Bovendien, omdat de lipiden waaruit het membraan bestaat een 
bepaaldee oriëntatie hebben, heeft een membraan een interne struktuur. De lipide 
hydrofielee kopgroepen steken in de waterige omgeving en hydrofobe staarten steken 
inn de kern van de bilaag. 

ComputerComputer simulaties als een middel om lipide bilagen te onderzoeken 

Hett onderwerp van dit proefschrift is het bestuderen van lipide bilagen met com-
puterr simulaties op mesoscopische schaal. Deze mesoscopische benadering bestaat 
uitt het "coarse-grainen" van de lipide molekulen die de bilaag vormen. In plaats 
vann een atomaire representatie van de lipiden, worden groepen atomen samenge-
smoltenn tot "kralen", die zijn verbonden in een kralensnoer door middel van veer-
tjes.. Deze kralen interakteren door middel van een versimpeld krachtveld, dat wordt 
beschrevenn in hoofdstuk 2. In dit hoofdstuk introduceren we ook de Dissipative Par-
tielee Dynamics techniek die we gebruiken om de beweging van deze deeltjes na te 
bootsen. . 

Hett eerste, belangrijke resultaat van deze aanpak is dat, ondanks de uitsluitend 
repulsievee wisselwerking tussen deeltjes van verschillende types, we vinden dat de 
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modell  lipiden kunnen fasescheiden en bilagen vormen, en dat de vorming van de 
bilaagg afhangt van één enkele parameter, n.1. de relatieve sterkte van de repulsie 
tussenn hydrofiele en hydrofobe kralen. 

Hett is experimenteel bekend, en ook uit thermodynamische overwegingen, dat 
vrij-zwevende,, zelf-geassembleerde lipide bilagen in een spanningsloze toestand ver-
keren.. Om zo'n toestand na te bootsen, introduceren we in Hoofdstuk 3 een snelle 
enn efficiënte simulatie techniek, gebaseerd op de Monte Carlo methode, om op de 
bilaagg een bepaalde oppervlakte-spanning uit te oefenen, waarvan de nul-waarde 
eenn speciaal geval is. Door middel van deze simulatiemethode zijn we in staat om 
dee kompressibiliteit van het oppervlak te bestuderen, en finite-size effekten als funk-
tiee van de opgelegde oppervlakte spanning. We vonden dat, voor spanningsloze of 
uitgerektee bilagen, de finite-size effekten erg klein zijn. 

FaseFase gedrag van lipide bilagen 

Inn Hoofdstuk 4 optimaliseren we het model door het bestuderen van de karakte-
ristiekenn van de lipide architektuur, die nodig zijn om de strukturele en thermo-
dynamichee eigenschappen van lipide bilagen te reproduceren. We vonden dat de 
stijfheidd van de keten een belangrijke parameter is om de juiste dichtheidsverdeling 
enn oppervlakte afhanke-lijkheid van de ketenlengte te reproduceren. We vinden dat 
voorr lipiden met één enkele staart, de waarde van de interaktie parameter tussen de 
kopgroepenn een sleutelrol speelt in het bepalen van de interne struktuur van een bi-
laag.. Als gevolg van de kleine hydrofobe doorsnede van dit lipide model, resulteert 
eenn grote repulsie tussen de koppen in een geïnterdigiteerde bilaag. Deze interdigi-
tatiee verdwijnt als de waarde van deze parameter kleiner wordt. 

Geïnterdigiteerdee fasen worden experimenteel geobserveerd voor phospholipi-
denn in de gelfase. Ze treden niet spontaan op maar moeten geïnduceerd wrorden. 
Wijj  stellen voor dat het algemene mechanisme dat verantwoordelijk is voor het in-
ducerenn van interdigitatie in een bilaag, een afname van de dichtheid van de lipide 
kopgroepenn aan het grensvlak is. We onderzoeken deze hypothese in Hoofdstuk 5 
waarr we het fasendiagram van lipiden met een enkele staart bestuderen. We vinden 
eenn vloeibare en een gelfase voor deze lipiden, en in de gel fase vinden we een over-
gangg van de geïnterdigiteerde naar de niet-geïnterdigiteerde toestand geïnduceerd 
doorr een afname in de kopgroeprepulsie. Dit suggereert dat het mogelijk is om een 
geïnterdigiteerdee fase te induceren in bilagen van lipiden met één enkele staart door 
hett toevoegen van chaotrope zouten, die geadsorbeerd worden aan het grensvlak en 
dee hoeveelheid water aan het grensvlak doen toenemen. 

Vervolgenss bestuderen we het fasendiagram van lipiden met een dubbele staart, 
enn in het bijzonder van een lipide met vijf hydrofobe kralen in elke staart en drie 
hydrofielee kop-kralen, dat beschouwd kan worden als een grofkorrelige represen-
tatiee van het DMPC phospholipide. Voor dit lipide model vinden we de fasen die 
experimenteell  geobserveerd worden in phosphocholine bilagen. Deze fasen zijn a) 
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dee lage temperatuur gel fase of L]3 , waarin de lipide staarten een tilt vertonen ten 
opzichtee van de normaal op het vlak van de bilaag en een kleine diffusie coëfficiënt 
hebben,, en b) de hoge temperatuur fase, of LA, waarin the lipide staarten gedeeltelijk 
wanordelijkk zijn, en de lipiden kunnen diffunderen in het vlak van de bilaag. Tussen 
dezee twee fasen vinden we een smal gebied in temperatuur waarin een "gestreepte-
fase""  wordt geobserveerd, die lijk t op de "ribbel" of P(v fase van de fosfatidylcholine 
bilagen.. Door de gereduceerde fase-overgangstemperatuur van het gesimuleerde 
systeemm te mappen op de experimentele hoofd- ( P^ -H> La) en pre-overgangs- (Lp< 
—•• P|.v) temperaturen voor DMPC bilagen, zijn we in staat om een kwantitatieve 
vergelijkingg te maken wat betreft de bilaag eigenschappen, zoals de oppervlakte per 
lipidee of de dikte van de bilaag, met hun experimentele waarden. We vinden een uit
stekendee overeenkomst en dit geeft ons vertrouwen dat onze grofkorrelige benader
ingg een goed model is voor realistische phospholipide systemen. 

LateraleLaterale druk in lipide bilagen 

Terwijll de oppervlakte spanning van een lipide bilaag, of monolaag, experimenteel 
gemetenn kan worden, zijn er geen experimentele technieken om de lokale drukverdel-
ingg te meten. Simulaties kunnen dan een hulpmiddel zijn om de vorm van het druk-
profiell in lipide bilagen te karakteriseren. De studie van het effekt van lokale herverdel
ingg van laterale druk in bilagen, geinduceerd door plaatsafhankelijke veranderin
genn in de topologie van het lipide, kan van pas komen om enige belangrijke vragen 
opp te lossen. Kunnen veranderingen in de laterale druk geinduceerd worden door 
veranderingenn in de struktuur van het lipide, zoals verschillende gradaties van on
verzadigdheidd in de keten? Hoe hangen deze veranderingen af van de positie en aard 
vann de verandering in de topologie van het lipide? 

Eenn gerelateerde en interessante vraag is of er een correlatie is tussen de lokale 
verdelingg van het drukprofiel en de verdeling van kleine molekulen in de bilaag: waar 
adsorberenn kleine opgeloste molekulen bij voorkeur in een lipide bilaag? En is de 
verdelingg van opgeloste molekulen gecorreleerd met de vorm van de drukverdeling 
inn de dubbellaag? 

Omm deze vragen aan te pakken, beschrijven we in Hoofdstuk 4 de vorm van de lat
eralee drukverdeling in lipide bilagen voor verschillende topologieën van het lipide. 
Wee laten zien dat de drukverdeling nauw samenhangt met de dichtheidverdeling, 
d.w.z.. met de lokalisatie van de lipide segmenten in de bilaag, terwijl de drukverdel
ingg minder gevoelig is voor de funktionele vorm en parameterisatie van de interaktie 
potentialen.. Om deze observatie te ondersteunen, vergelijken we het drukprofiel in 
eenn bilaag van grofkorrelige twee-staartige lipiden met het druk profiel berekend uit 
atomistischee Molekulaire Dynamica simulaties van een DPPC bilaag. We laten zien 
datt de vormen van de drukprofielen, berekend met de twee verschillende benaderin
gen,, opmerkelijke overeenkomsten hebben. 

Inn Hoofdstuk 6 onderzoeken we de wisselwerking van kleine opgeloste molekulen, 
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alss model voor verdovingsmiddelen, met de lipide bilagen. We laten zien dat de 
verdelingg van kleine opgeloste molekulen in een bilaag hoofdzakelijk bepaald wordt 
doorr chemische affiniteit, d.w.z. door de mate van hydrofobiciteit van de opgeloste 
stoffen.. Maar we vonden ook een ander effekt; deze molekulen zitten bij voorkeur 
opp een plek in de bilaag waar het drukprofiel lokale minima heeft. Deze observaties 
kunnenn helpen om de verdeling van molekulen, zoals narcotica, in de dubbellaag 
tee voorspellen. Bovendien laten we zien dat, als de molekulen in de kopgroep re-
gioo van de bilaag zitten, ze de lokale druk in dit gebied sterk verlagen. Aangezien 
verdovingsmiddelenn ook opgenomen worden in het grensvlak gebied van de bilaag, 
postulerenn we dat deze molekulen de aktiviteit van membraan eiwitten kunnen reg-
ulerenn door veranderingen in de drukverdeling. 

DeDe hydrofobe "mismatch" 

InIn Hoofdstuk 7 breiden we het grofkorrelige model uit en passen het toe op de studie 
vann lipide bilagen met ingesloten eiwitten, bij lage verhoudingen van eiwit : lipide. 
InIn het bijzonder onderzoeken we de hydrofobe "mismatch". 

Hett is voorgesteld dat het bij elkaar passen van de hydrofobe dikte van de lipide 
bilaagg en de hydrofobe lengte van integrale membraan eiwitten, een algemeen fy-
sischh principe is, waarop de lipide-eiwit interaktie in celmembranen is gebaseerd. 
Dee energetische kosten van het blootstellen van polaire groepen aan koolwaterstof 
ketenss of eiwit residuen, is zo hoog dat het hydrofobe deel van de lipide bilaag zou 
moetenn passen bij het hydrofobe domein van membraan-eiwitten. De resultaten van 
eenn aantal onderzoeken hebben inderdaad uitgewezen dat de hydrofobe "matching", 
inn relatie met de lipide eiwit interakties, en daarom met membraan organisatie en bi-
ologischee funktie, relevant is. Om deze zaken aan te pakken, bestuderen we bilagen 
mett één ingesloten eiwit, dat kan variëren in grootte en hydrofobe lengte. 

Wee berekenen de coherentie lengte voor de eiwit-geinduceerde ruimtelijke fluk-
tuaties,, and kwantificeren deze in termen van een verval lengte van het hydrofobe 
diktee profiel van de lipide bilaag rond het eiwit. Deze grootheid is niet toeganke-
lij kk voor experi-mentele metingen, maar kan belangrijk zijn bij het bepalen van de 
strekkingg van de eiwit-geinduceerded perturbatie, en kan relevant zijn bij het voor-
spellenn van lipide-bemiddelde eiwit-eiwit interaktie en aggregatie. We vinden dat 
dee eiwit-geinduceerde lipide perturbatie afhangt van de mismatch en van de tem-
peratuurr van het systeem, en dat een eiwit-grootte afhankelijkheid verschijnt voor 
waardenn van de temperatuur die van boven de overgangstemperatuur van de pure 
lipidee bilaag benaderen, d.w.z. in de vloeibare fase van het systeem. 

Eenn interessant en onverwacht resultaat van dit onderzoek is dat we vinden dat, 
voorr grote "mismatch" condities, hetzij positief, hetzij negatief, en voor grote eiwit-
ten,, het verval van de eiwit-geinduceerde perturbatie met de dikte van de bilaag, 
niett exponentieel van aard is, zoals vroeger werd voorspeld door roostermodellen, 
Inn plaats daarvan vinden we een niet-monotoon verval. In het gebied naast het ge-
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biedd dat het dichtst bij het hydrofobe oppervlak van het eiwit is, en waar hydrofobe 
"matching""  optreedt, is de hydrofobe dikte van de bilaag kleiner (undershooting) 
off  groter (overshooting) dan de onverstoorde evenwichtsdikte, afhankelijk van het 
tekenn van de mismatch. Deze plaatselijke veranderingen in de hydrofobe dikte van 
dee bilaag kunnen van belang zijn voor biologische verschijnselen zoals cel-adhesie, 
fusie,, membraan scheuring of membraan permeabiliteit. 

Wee beschouwen ook het effekt van de bilaag op de eiwitten, en we onderzoeken 
dee mismatch condities waaronder aangenomen kan worden dat membraaneiwitten 
eenn scheve conformatie aannemen ten opzichte van de normaal op het bilaag op-
pervlak.. We vinden dat dit afhangt van de grootte: grote eiwitten gaan niet scheef 
staan,, ten gevolge van energetische en topologische effekt en, zelfs voor een grote 
(positieve)) mismatch, terwijl kleinere eiwitten scheef gaan staan onder een hoek die 
toeneemtt met toenemende mismatch. 

Bijj  temperaturen onder de hoofd-overgangstemperatuur, maar boven de pre-tran-
sitiee temperatuur van het pure systeem, d.w.z. in de ribbel of gestreepte fase, laten 
onzee resultaten zien dat de ingesloten model-eiwitten de voorkeur geven aan een 
scheidingg langs de strepen waar de hydrofobe dikte van de bilaag overeenkomt met 
dee hydrofobe lengte. 
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