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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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- 66 - 4 - 2 0 

( b ) h t4 ' t t 

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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WH H 

H T T 

MP P 

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. 
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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-
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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. 




