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Molecular simulations of mesoscopic bilayer phases
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Dissipative particle dynamics simulations are used to study the self-assembly of lipids into bilayers. With a
simple mesoscopic lipid-water model, we observe the formation of the liquid crystalline phased gel
phases in which the tails are interdigitateg, or noninterdigitated.;. For double-tail lipids experiments
show all three phases, while for single-tail lipids otly andL, are observed. We show that at sufficiently
high head-head repulsion the, is stable for single-tail lipids. This suggests that it might be possible to induce
anl z—L g transition by adding chaotropic salts.

DOI: 10.1103/PhysRevE.67.060901 PACS nuniher87.16.Dg, 68.05.Gh, 82.70.Uv

Since lipids are an important component of biologicaland a random force. The dissipative and random forces are
membranes, knowledge on the behavior of these systems @hosen such that a proper Boltzmann distribution of configu-
relevant for our understanding of biological membranes. Inrations is sampled corresponding to the intermolecular inter-
addition, the ability of lipids to form various liquid crystal- actions from which the conservative interactions are derived
line and mesophases has implications for various processé$4]. In analogy with previous simulations using the DPD
in membrane biology such as membrane function or memtechnique, we use soft-repulsive interactions to mimic the
brane protein crystallizatiofil]. Lipids can self-assemble in coarse-grained interactions between the lipids and water
water to form bilayer structures, in which the hydrophilic molecules. Groot and Rabon&0] have shown that com-
part of the lipid is oriented towards the water phase. Compared to a molecular dynami¢MD) simulation on an all-
mon phases that can form in a bilayer are the gel phase arfom system, DPD on a coarse-grained model can be four to
the liquid crystalline phase. In the liquid crystalline, lo, five orders of magnitude more efficient. Since these MD
phase, the lipids in the bilayer do not show a specific ordersimulations are very demanding, they are often limited to a
If the temperature is decreased the system forms a gel phas#gle temperature and type of lipid. The efficiency gained
in which the hydrophobic tails show a nematic ordsee by DPD allows us to compute complete phase diagrams.
Fig. 1). This gel phase can be either interdigitategi or In our model, we distinguish three types of partickgsh,
noninterdigitated_ 5. Interestingly, for most double-tail lip- andt to mimic the water and the head and tail atoms of a
ids one can induce a transition from thg to theL 4 phase I|p|d_, respecuv_ely. The conservative forces between these
by adding salt or alcohdl2], whereas in single-tail lipids Particles are given by
only the noninterdigitated structure has been obsef8¢t. .

Here, we use dissipative particle dynamics to studylthe EC_ aij(1=|rij IRy if Irijl<Re )
—L, and theLz—L, transition for a mesoscopic model. 1o if |rij|>RC1

Our simulations correctly describe the hydrophobic tail

length dependence of this transition and the effect of addingvherer;;=r;—r;, r; is the position of particle, andR. is
salt. In addition, the simulations predict that both the inter-the cutoff radius. The values of the parametdor the vari-

ik

nient. At present, it is possible to study the formation of lipid
model, in which general aspects of changes in the chemica: ®
phases. the hydrophobic tail is given a darker red color. In thephase, or

digitated and noninterdigitated phases can be formed in sys-

tems with single-tail lipids.
Phase transitions in lipid bilayers have been studied theo-

retically using phenomenological modef§—-7]. Whereas i

these models give important information on the general as: } r

pects of the phase diagram, they are less convenient to study

effects of changes in the chemical structure of the lipids. For

mesophases using all atom molecular simulatifls but

these simulations are too time consuming to study the phas

structure and interactions between the lipids can be studied £ 1. (Color onling Schematic structure of theg, (left), L,

[9-12]. Here, we present a mesoscopic model that allows Ugmiddle), andL, (right) phases. The gray spheres are the hydro-
We use dissipative particle dynami@PD) [13] to simu-  liquid crystalline phase, the tails are disordered. In lthephases,

late our system. In a DPD simulation one uses, in addition tahe tails are ordered and in the, phase the tails are interdigitated

this type of question molecular simulations are more conve-

A.—-\.
behavior. An alternative approach is to use a mesoscopit Eg :—;:\3,‘:
to study transitions between the various mesoscopic bilaygihilic heads and the red spheres the hydrophobic tails, the end of
the conservative forces between the particles, a dissipativas well. In none of the phases the tails show a preferred tilt.
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ous interactions are chosen such to mimic the hydrophobic 10 T T 1.0 T T
and hydrophilic interactions. Our parameters arg,= ai; 09 I~ ~ads
=25, a,,=15, anda,,;=80, which are based on those op-
timized by Groof15]. The value ofa,,,,= 25 reproduces the

compressibility of water and the interactions of the lipid seg- £°7 [ 1 @ 2B
ments are based on the Flory-Huggins solubility parameters o6 -

0.8

To avoid an unrealistic high density in the bilayer hydropho- 04 1
bic core, we have reduced the tail-tail interaction. In addi-

tion, we vary the head-head interaction parametg( to 048 09 10 11 12 028 09 10 11 12
study the effect of changing the interactions between the hy- ™ ™
drophilic segments of a lipid. In a real system, the head-heac (a) (b)

interactions can be changed by adding salt to the system. The _ o _
lipid particles are connected via harmonic springs, with FIG. 2. (Color onling Area per lipid(left) and chain order pa-
spring constank, = 100 and equilibrium distanag=0.7. In r.ar.neter(rlgh.t) as a functlon of the pempera}ure for two types of
addition, the flexibility of the tail is controlled with a har- !IPids that differ in their head-head interaction. Upon cooling for
monic bond-bending potential between two consecutiv@'gh head-head_repulsm{mrcles, red curvea L_a to L g transition

. . _ S Is observed, while for low head-head repulsion theto L 4 tran-
bonds, with bending constak}=10 and equilibrium angle . . . B

- - .., Sition occurs. The units od\;,;4 and T* are reduced units as was

0p,=180°. We have used a system with 3500 particles with aexplained in the text P
total of 200 lipids. We performed several tests in which we '
increased or decreased the total number of lipids to  changes. To ensure that our simulations were sufficiently
1800 but could not detect significant size effects. All resultsiong to observe the stable phase, we repeated some simula-
are expressed in the usual reduced units, i.e., IRjnas the  tions starting from a random distribution of lipids. These
unit of length and repulsion parameter1 as the unit of  simulations reproduced both the gel and the liquid crystalline
energy. phases.

A biological membrane is not subject to external con-  Figure 2a) shows the area per lipid as a function of the
straints and therefore adopts a configuration that is tensionemperature for two types of head-group particles, one sys-
less. In a molecular simulation in which the total area andem with the conventional head-head repulsia& 35)
number of lipid molecules are fixed, the resulting membranesnd a system in which we have decreased the head-head
has a nonzero surface tension. Lipowski and co—workersepmsion @,,=15). These two systems show completely
[11,16 emphasize the importance of locatifigratively) the  different temperature dependence. Bgf= 15, we observe
exact area for which the surface tension is zero. In this worka slight increase of the area if we increase the temperature
we use a different approach to ensure that our simulations aigntil, for T*=1, a jump in the area is observed. A further
performed in a tensionless state, we use an ensemble jAcrease in the temperature increases the area further. For
which we can impose the surface tension. After a randoml;ahh:35, we observe an initial decrease of the area if we
selected number of DPD steps, we perform a Monte Carloncrease the temperature. &t =0.95, we observe a transi-
move in which we change the area of the bilayer in such gjon above which the decrease of the area is less and at
way that the total volume of the system remains constantigher temperature the area increases similarly to what is
This move is accepted with a probability given 2] observed for the system with the smaller head-head repul-

sion. The snapshots shown in Fig. 1 indicate that at high
e~ BlU()—yAy] temperatures in both systems the bilayer is fluidlike, (
) ) 2 phase, while at low temperature a gel phase is observed,; for
the high repulsion parameters we find an interdigitated
phase, while for the low repulsion parameters we find a non-
whereU(n) denotes the energy associated with the conselinterdigitated phase. In Fig.(B), we also plot the tail order
vative part of the interactions of the new configuratioand  parameter, characterizing the nematic order in the bilayer.
U(o) is the energy of the old configuratian 3=1/(kgT) is  The tail order parameter is defined &g,;=3(3 co(6)
the reciprocal temperature, aid, and A, are the areas of —1), whereg is defined as the angle between the orientation
the old and new configuration of the bilayer, respectively.of the vector along the first and the last bead in the tail and
The state of zero surface tension is obtained by setiing the bilayer normal. This figure shows that the order in the tail
=0. We initialize our system by distributing lipids randomly is lost if the system goes from the gel phases into the liquid
in water and we observe the self-assembly of a bilayer usingrystalline phase. Further analysis of the structure and diffu-
DPD simulations only. After the bilayer is formed, we per- sion coefficients in the bilayer planes of these phases shows
form, in addition to the DPD moves, Monte Carlo moves inthat the systems behave like two-dimensional liquids and no
which we change the area as well. The equilibration is finpreferred tilt is observed in these phases. A solid phase is
ished when the area of the bilayer fluctuates around the equébserved at much lower temperatures. From these figures,
librium value. Explicit calculation of the surface tension con-we have obtained the phase transition temperatures for vari-
firmed that indeed a state of zero surface tension wasus tail lengths and head-group repulsions.
simulated. The importance of this method is that it allows us Figure 3 shows the phase diagrams for the bilayer phases
to observe directly transitions in which the area per lipidfor various tail lengths and head-group repulsions. For high

Pa““’*“):m'”( O
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40 for a similar model of a double-tail lipid, we do not observe

the formation of an interdigitated phase. This corresponds to
the experimental observation that for the most common
double-tail lipids the interdigitated phase does not form

spontaneously, but should be induced by the addition of, for
example, alcohq]2].

The effect of adding salt on the gel to liquid crystalline
transition has been observed for double-tail lipjd8] and
recently for single-tail lipidd19]. These studies show that
adding so-called kosmotropic salts increases lthe-L,
P . transition temperature, while chaotropic salts decrease this
0.7 08 09 1.0 14 transition temperature. Similar effects have been observed

™ for nonionic single-tail lipidd20]. Takahashkt al. [19] ex-
plain these observations by assuming that kosmotropes tend

FIG. 3. (Color onling Phase diagrams for different tail lengths to be excluded from the interfacial region and hence reduce
htg (black, circles, ht; (red, squares htg (blue, triangle and hy  the amount of interfacial water, while chaotropic salts have
(green, diamonds the inverse effects, i.e., are adsorbed at the interfacial region

) ) ~and increase the amount of interfacial water. In our model, a
head-head repulsion, the system can gain energy by addingmijar effect can be achieved by changing the head-head

water particles in between th_e heads. Asaresult,_the d_is,ta”‘?ﬁteractions; increasing or decreasing, corresponds to
between the head groups increases and the interdigitateglijing chaotropes or kosmotropes, respectively. Our simula-
phase is stabilized. For low values afy,, the head groups ions show that decreasing the head-head repulsion stabilizes
expel water a.nd the stable .phase is the noninterdigitateg,q L, phase, which corresponds to the case that water is
phase. As we increase the tail length, the gel phases are sigc|yded from the interface. Adding chaotropic salts has the
bilized and the transition shifts to higher temperatures. Theg,erse effect; it increases the head-head repulsion and sta-
effect of increasing the head-head repulsion on the gel Qg5 the L, phase. Our simulations show that at suffi-
liquid crystalline transition temperature is much MOre Pro-giently high ﬁead-head repulsion the interdigitated phage
nounced for the ;—L, compared td g —L,. This can be s siaple. This suggests that it might be possible to induce the

understooq from the fact that in the int'erdigitated phase th¢ — Ly phase transition by adding chaotropic salts to the
average distance between the heads is already much larg&fciems.

compared to the noninterdigitated phase, and a further in-

crease in this distance does not have a dramatic effect on the These investigations are supported in part by the Nether-
stability of the gel phase. It is interesting to compare theséands Research Council for Chemical Scien@@¥4/), by the
results with the experimental data of Misquitta and Caffreyresearch program of the “Stichting voor Fundamenteel
[17], who systematically investigate the phase diagrams oDnderzoek der MaterigFOM),” and by the Netherlands Or-
monoacylglycerols, a single-tail lipid, and show a similar tail ganization for Scientific Research(NWO) through
length dependence for tHe;—L , transition. Interestingly, PIONIER.
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