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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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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%. 
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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 
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0.5 5 

0.0 0 
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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. . 

0.99 1.0 1.1 1.2 
T* * 

(b) ) 

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. 



5.33 Double-tail lipid bilayers 73 3 

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. 
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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. 




